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WOORD VOORAF
Toen ik zo’n 11 jaar geleden kennis maakte met chemie in het secundair onderwijs had
ik nog geen idee wat deze studie allemaal kon inhouden. Toen kleefde er aan de scheikunde
een negatief imago bij het brede publiek. In de actualiteit bijvoorbeeld worden ongelukken
dikwijls uitvergroot en bij negatieve berichten worden steevast de woorden “chemisch
product” benadrukt. De media en sommige politici benadrukken ten onrechte de negatieve
ontwikkelingen van de chemische industrie, zonder de positieve te vermelden, zoals het
verhogen van de welvaart door de ontwikkeling van nieuwe materialen.
Toch koos ik voor deze studie. Omdat zowel mijn vader als mijn moeder een
scheikundige opleiding hadden, zullen wellicht velen denken dat dit een evidentie is. Toch
was deze studiekeuze niet evident. Tijdens mijn licentiaatsstudie leerde ik chemische vragen
in een bredere en correctere context te plaatsen. Zo werd het vanzelfsprekend om van alles in
vraag te stellen en telkens te herbekijken, wat Albert Einstein ooit verwoordde als:
De werkelijkheid is slechts een illusie, maar wel een heel hardnekkige.
Albert Einstein
Door de wetenschappelijke studie werd mijn nieuwsgierigheid steeds meer geprikkeld
en werd de onderzoeksmentaliteit een evidentie.
Ik ben dan ook zeer verheugd om dit document na diepgaand onderzoek voor te stellen.
OUTLINE
Fungi are known and used for thousands of years. Throughout history, cultures and
periods in which mushrooms were popular, alternated with cultures and periods where
mushrooms were seen as organisms created by evil spirits. 
The modern study of mycology started some 250 years ago, when people started to study
this immense group of organisms systematically. From the early beginning morphologic
studies, including both macroscopic and microscopic studies, were very important. Chemical
characters were used and included the usage of common chemicals, such as NH4OH, FeSO4,
KOH, aniline, sulfovanillin and phenol, in simple field-tests. These products cause colour
changes when applied on specific fungal tissues. These typical colour changes are used for
identification. However, such tests are mainly based on trial and error.
Broader chemical studies of fungi are being performed since the 20th Century to reveal
for example cell wall composition. However, it is only since the introduction of molecular-
genetic tools that chemical tools really took off in mycology. To date, the majority of chemical
tools for analysis, such as extraction, mass spectrometry, NMR spectroscopy and vibrational
spectroscopy, are applied in various types of scientific studies ranging from taxonomy to
ecology. In this diverse group of chemical tools, vibrational spectroscopy, including infrared-
and Raman spectroscopy, has a special position. Because of the non-destructive nature of the
analysis and since the Raman spectrum of each chemical compound is sufficiently different
(fingerprinting capability), an overview of the whole chemical composition of an irradiated
sample can often be obtained easily.
There was a massive progression in Raman spectroscopic instrumentation in the last
decades, allowing the study of complex biomaterials. Raman spectroscopy is a water-
compatible vibrational spectroscopic technique. Chemical analysis of a fungal sample is
mostly feasible without laborious sample pretreatment. Bands in a Raman spectrum indicate
the presence of specific functional groups in the irradiated sample. These bands are generally
narrow which results in a high information content of Raman spectra. Raman spectroscopy is
thus especially suited for tissue characterisation and chemotaxonomy. CCD detectors used for
Raman spectroscopic instrumentation have a high sensitivity to date. Combined with
automated statistical or chemometric analysis of the collected spectra, this results in a fast tool
of analysis, for example to monitor in real-time the changing compositions during chemical
reactions or biological processes. 
Several mycological studies applying Raman spectroscopy have already been
performed, mainly on microfungi. This work aims to investigate the opportunities of Raman
spectroscopy for the analysis of macrofungi. There is a recent trend towards the use of Raman
6spectroscopy for the analysis of complex biomaterials(11). Of particular interest is the
progression in the analysis of yeasts(18, 64, 65, 121) and bacteria(68, 71, 107, 121, 122), which have already
been identified on the genus and strain level using Raman spectroscopy. Next to the usage of
Raman spectroscopy, infrared-based(53, 70, 155) and other spectroscopic techniques, such as
MALDI-TOF mass spectroscopy(77, 124) and nuclear magnetic resonance (NMR)
spectroscopy(61) have been used for chemotaxonomic research of micro-organisms. Practical
applications of biospectroscopic analysis range from the spectroscopic imaging to screen for
pathogens(158) to the control of fermentation broths.
This work aims to explore the applications of Raman spectroscopy for the analysis of
Basidiomycetes.
Part I of this Ph. D. thesis encompasses the theory and literature study. An introduction
in Raman spectroscopy and a detailed overview of the applications and studies in mycology
that already have been published are compiled in chapter I, whereas chapter II gives an
introduction into mycology aimed at chemists. Although bands of comparable functional
groups have similar positions in a Raman spectrum, the exact position is dependent on the
molecular environment. Analysis and detection of molecules with Raman spectroscopy
therefore uses spectra collected from pure powders or liquids. Chapter III presents such a
database of Raman spectra of fatty acids, fats and saccharides.
The second part of this thesis presents several case studies of Raman spectroscopic
investigation of macrofungi. Chapter I focusses on the studied genera of Basidiomycetes as
well as on the used methods, including some chemometric processing routines which are not
discussed in detail in the other chapters. The spores of higher Basidiomycetes formed an
important research topic. Chapter II discusses the chemical analysis of spores of Lactarius
species using Raman spectroscopic measurements, whereas chapter III discusses a case study
for which a database of spore spectra was collected for the identification of the specimen’s
genus. This database included spectra of Lactarius specimen as well as Collybia, Laccaria,
Mycena and Russula specimen and was used for a chemotaxonomic study. The most striking
character of the genus Lactarius is that all species exude a milky latex, often referred to as
Lactarius lacunarum, a few drops of latex are visible on
the right specimen as indicated by the arrow
7“milk” or “latex”. Papers that studied the chemical reactions of Lactarius latex, monitored the
composition discontinuously, using extractions followed by the collection of NMR spectra for
structure analysis. This method, although giving very good results, is labourious and the
presence of analysis artefacts is a reality. Chapter IV discusses the applicability of Raman
spectroscopy to the direct analysis of this milky fluid.
Part III reports on an explorative analysis of wood fungi using Raman spectroscopy.
Chapter I presents and discusses the Raman spectra of mycelium cultures of four common
wood rot fungi and includes a study of the Raman spectra of basidiocarps of Trametes
versicolor. The aim of chapter II is to verify whether signals of wood rot fungi can be detected
in infected wood. This chapter starts with an introduction to wood decay, followed by a study
of the Raman spectra of native Pinus and Fagus wood. Furthermore, the spectra of decayed
wood are compared with those of native wood and the mycelium spectra obtained in chapter I
to detect the Raman bands of the hyphae in the infected wood.
Abbreviations and acronyms
General
A ampere
AFLP amplified fragment length polymorphism
CCD charge coupled device
DNA deoxyribonucleic acid
EMSC extended multiplicative scatter correction
FAME fatty acid methyl esterification
GC-MS gas chromatography - mass spectrometry
GENT herbarium of Ghent university
HPLC high performance liquid chromatography
IFBL instituut voor floristiek van België en Luxemburg
IR infrared
ITS internal transcriber spacer(s) of the nuclear ribosomal DNA
LDA linear discriminant analysis
MALDI-TOF matrix-assisted laser desorption/ionization - time of flight mass
spectrometry
NADPH nicotinamide adenine dinucleotide phosphate (reducing equivalent)
NIR near infrared 
NMR nuclear magnetic resonance
PC principal component
PCA principal components analysis
PLS partial least squares
RAPD Randomly Amplified Polymorphic DNA
SNV standard normal variate
TLC thin layer chromatography
UV-VIS ultraviolet / visual light spectroscopy
XRF X-ray fluorescence
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Spectral descriptions
vw very weak
w weak
mw medium weak
m medium
ms medium strong
s strong
vs very strong
br broad
sh shoulder
δ deformation
ρ rocking
ν stretching
PART I:
INTRODUCTION AND THEORY
CHAPTER I:
Raman spectroscopy and mycology
To be published in: De Gussem K., Vandenabeele P., Verbeken A. and Moens L. (2007). Mycological Applications
of Raman Spectroscopy. Chapter in book “Mycotechnology: Current Trends and Future Prospects”, M. K. Rai
(Ed), I.K. International Publisher, New Delhi, in press
1 Introduction
The classical study of mycology and taxonomical relationships between fungal species
started in the 17th and 18th Century with important contributors like Fries, Micheli and
Persoon(1, 12, 117). Their morphological concepts stressing macromorphological appearance of
sporophores dominated classification systems until the mid- to late 20th Century.
Morphological characters include amongst others the substrate, type and shape of sporocarp
and hymenophore, dimensions, colour and odour. Since the invention of the microscope by
van Leeuwenhoek in the 17th Century, mycologists also use various microscopic characters on
the arrangement of hyphae in the different tissues in the sporophore, spore formation, presence
and form of structures dedicated to sexual and asexual reproduction(2, 10, 13). The inclusion of
more micromorphological characters proved that the Friesian classification, based mainly on
sporocarp and hymenophore type (e.g. Agaricales vs. Aphyllophorales), was highly artificial
and contained numerous polyphyletic taxa.
Besides macro- and micromorphological characters, chemical characters have since long
been used for identification and study of fungal species. Biochemical characters involve
colour reactions with chemical products, such as NH4OH, FeSO4, KOH, aniline, sulfovanillin
and phenol, which are used in field-tests to discriminate between fungal species(60, 93).
Amyloidity, the dark blue to black staining of basidiospores or tissues in iodine reagents such
as Melzer’s solution, is an example of a microchemical character which has been used as a
taxonomic character in fungi for nearly 150 years(34). An amyloidic spore ornamentation is
reported in 35 genera of Agaricales(131) and at least 20 genera of Aphyllophorales(35). 
Since a few decades, mycologists are also using molecular-genetic tools for the
classification and phylogeny of fungi(2, 15, 20, 62, 96, 106). Whereas phenotypic characters may show
great variability, DNA, in which all information on the organisms is encoded, is highly
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constant and species specific. Because of the low variability and high information content in
genetic material, these tools are considered as robust and reliable to investigate taxonomical
relationships. In phylogeny, mitochondrial DNA is of particular interest. Because
mitochondria (including their DNA) are only transferred to new generations by female
individuals or through asexual reproduction, mitochondrial DNA can be seen as a molecular
clock. The higher the similarities between genes, the more species are related to each other, so
the similarities between genes are a measure for the relationship between taxa. Different genes
are used in phylogeny, such as the genes coding for G3P-dehydrogenase or genes in the ITS-
region. Widely used techniques include nucleotide sequencing, DNA-DNA hybridisation and
Randomly Amplified Polymorphic DNA (RAPD). As a fingerprinting technique capable of
assessing inter- and intra-species variation, Amplified Fragment Length Polymorphism
(AFLP) is also of importance to verify whether closely related species could be
distinguished(8). As such, these molecular-genetic methods are shedding new light on
taxonomy. Next to taxonomy, molecular-genetic tools are used for species identification, for
ecological research as well as for studying geographical patterns in species distribution. The
molecular-genetic approach requires specially trained people, and although these tools can be
automated, they are mainly expensive.
The application of instrumental chemical analysis, for example to perform extractions
and enzyme electrophoresis, had sporadically been used on many different topics. Chemical
analysis techniques are recently gaining importance and may prove to be a valuable alternative
for time-consuming, costly and highly specialized methods, such as morphological and
genotypic investigations. The chemical tools which are now used in the study of fungi and
their metabolites are mainly spectroscopic and chromatographic techniques. While
chromatographic analysis can be optimized for the separation and selective detection of fungal
metabolites, different spectroscopic techniques offer additional and complementary
information. Gas chromatography (GC) is generally used for the detection of volatile
compounds and is often coupled to mass spectrometry (MS) for selective detection of low
concentrations. Brondz et al.(9) studied the fatty acid spore composition by GC-MS as a
possible and novel chemotaxonomic marker. NMR spectroscopy is a spectroscopic method of
analysis, especially capable of structural analysis of pure compounds. The technique was
applied by Himmelreich et al.(61) for identification of Candida species. Several authors also
used NMR-spectroscopy to investigate Lactarius latex composition and its sesquiterpenoid
origin(10, 136). Vibrational spectroscopic methods are of further importance, because of their
advantageous properties. Vibrational spectroscopy includes infrared and Raman spectroscopy
which are both non-destructive and fast analysis techniques, capable of analysing complex
mixtures. Applications include for example characterisation and identification purposes as
well as single cell analysis(65, 75, 83, 85, 97, 121).
Raman spectroscopy is in general a promising technique for chemical analysis in
biology, microbiology and mycology. Its properties include amongst others limited sample
preparation, high spectral resolution and the ability to analyse aqueous solutions(94). Rapid
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analysis or identification of samples is possible with such an analytical spectroscopic
technique and Raman spectroscopy may prove to be a valuable alternative for, or complement
to, phenotypic and genotypic methods. Fingerprinting capability, non-destructiveness, narrow
Raman bands and low water background make the technique well-suited for the analysis of
biological samples. In contrast to other taxonomic tools (Fatty Acid Methyl-Esterification
(FAME), AFLP, enzyme electrophoresis, etc.), which focus on one particular group of
taxonomic discriminative molecules, Raman spectroscopy offers a complete phenotypic
analysis because information on the complete chemical composition of the cell is gathered. As
such, it may be used to analyse the chemical composition of specific parts of a sporophore, to
distinguish and identify different taxa and to monitor biochemical reactions. Although Raman
spectroscopy is not used routinely for biological research so far, mycological studies implying
Raman spectroscopy reported on topics with either biochemical, taxonomic, medical or
pharmaceutical aspects .
Due to its inherent properties, Raman spectroscopy has great potential(94) in mycological
research. Due to several instrumental improvements of Raman instrumentation during the
1970’s and 1980’s, Raman spectroscopy became available for the demanding analysis of
complex biological materials. Because of this ongoing progression, new mycological
applications of Raman spectroscopy are still in development. This evolution may eventually
lead to mycotechnological and industrial applications as well as to applications for the
identification of fungi.
2 Raman spectroscopy
Although the Raman effect was already predicted by Smekal in 1923, it lasted until
1928 when Sir Chandrasekhara Venkata Raman discovered this effect, by using solar
irradiation(48, 119, 133). Because monochromatic light sources were not available in the 1920's and
1930's, Raman spectra were of low quality and it took over 24 hours to obtain a spectrum.
Even when mercury arc light sources became available, Raman spectroscopy remained a niche
technique in the 1940's. Electron multipliers improved accuracy, but it was only with the
invention of the laser in the 1960's and the massive progression in instrumentation in the mid-
1980's that Raman spectroscopy became widely available. This includes automation,
miniaturisation of instrumentation, usage of optical fibres and personal computers. Progress in
the accuracy and response times of Raman spectrometers through better lasers and the
invention of charge-coupled devices (CCD’s) maximised the range of applications and
enabled the investigation of biomaterials with Raman spectroscopy. As biomaterials mostly
contain water and have a complex composition, one needs a reliable and accurate tool of
analysis. Due to its inherent properties and the increase of sensitivity since the mid-1980's,
Raman spectroscopy, although relying upon a weak effect, offers opportunities towards
biological research.
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2.1 The Raman effect
When a monochromatic light beam encounters a sample, most photons will be scattered
at the same frequency, although there is a little probability that the photons will have a
different frequency after the scattering process. This Raman effect is inherently weak: only
one out of 106 to 108 scattered photons undergoes Raman scattering. Molecules in a sample
usually only populate the electronic ground state, but can occupy different vibrational energy
levels. A photon coincides with a sample molecule and excites it into a virtual energy level.
This virtual energy state is an unstable situation and can be considered as a short lived
distortion of the molecule’s electron cloud perturbed by the light beam’s electric field.
Molecules in this unstable state will relax through the emission of a secondary photon, which
is shown in figure 1.1.
The most probable situation is the emission of a photon of equal energy compared to the
initial light beam and hence molecules relax to the ground state (Rayleigh scattering). The
electron cloud of the molecule is not only perturbed by the electric field of the light beam, but
is also perturbed by the molecular vibrations and therefore both perturbations may eventually
interact. The molecule can thus after the process alternatively be found in a vibrational level
below (anti-Stokes scattering) or above (Stokes scattering) the initial vibrational energy level.
A photon of different energy relative to the incident radiation is thus scattered and the sample
molecule effectively exchanged a quantum of energy equal to the energy difference between
the vibrational energy levels. These energy differences are recorded in a Raman spectrum as a
wavelength shift from the incident radiation. As vibrational energy levels are product specific,
a Raman spectrum can be considered as a vibrational signature of the molecule, which is a
highly characteristic and structurally sensitive fingerprint.
Energy
Ground state
1st excited
vibrational state
Virtual energy
level
Rayleigh
scattering
Stokes
scattering
anti-Stokes
scattering
∆Ev = hνv
∆Ee = -hν0∆Ei = hν0 ∆Ei = hν0∆Ei = hν0
∆Ee =
-h(ν0-νv)
∆Ee =
-h(ν0+νv)
Figure 1.1: Scattering of incident monochromatic laser light and different types of scattering. From the
temporary virtual energy level, a molecule may relaxes to the same vibrational energy level (Rayleigh
scattering), a higher vibrational energy level (Stokes scattering) or a lower vibrational energy level
(anti-Stokes scattering)
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The intensity of a Raman band is dependent on the population of the different
vibrational energy levels and is therefore directly related to the Boltzmann-distribution.
Molecules are mostly found in the lowest vibration states. As a result, Stokes scattering is
more intense than anti-Stokes scattering. Because Stokes and anti-Stokes scattering offer the
same information with different signal-to-noise-ratios, Stokes scattering is often generalised in
discussions as Raman scattering.
2.2 Properties of Raman spectroscopy
Raman bands are characteristic for functional groups, so different regions in a Raman
spectrum correspond with different types of functional groups. A comprehensive list of
Raman frequencies is compiled by George Socrates(134). Despite the fact that all functional
groups can lead to signals in a Raman spectrum, the symmetry of the irradiated molecule
imposes certain limits on the presence of Raman bands(94). Signals in a Raman spectrum are
only observed if the polarisability of the molecule is changed. As the intensity of Raman
bands is proportional to the polarisability of the different functional groups, Raman
spectroscopy is especially useful in the characterisation of functional groups with loosely
bound electron clouds(42). These functional groups include carbonyl, COOH, alkenes, aromatic
rings and sulphur containing groups.
In Raman spectroscopy, the signal is normally collected at an angle of 90 degrees or 180
degrees (back-scattering) relative to the incident beam(94). By using a transparent window
relative to the laser light and by adapting focus distance, one can monitor a sample within a
closed container(115). This opens possibilities, amongst others, for the investigation of
pathogens without risk of infection, as well as it allows controlling industrial fermentation
processes. Optical fibres can additionally be used. Through transport of laser light and Raman
scattered photons, analysis is possible at several metres up to one hundred metres from the
analytical equipment by using an automatic probe head. 
a) Advantages of Raman spectroscopy
Raman spectroscopy has some obvious advantages for the analysis of biomaterials. The
technique is non-destructive, while only a limited sample preparation is necessary, if
necessary at all(94). Moreover, only small amounts of sample are necessary for Raman
spectroscopic analysis. Compared to other spectroscopic techniques, Raman spectroscopy
offers a high spectral resolution and narrow spectral bands. This is important in the analysis of
complex mixtures and simplifies signal detection and interpretation without using advanced
mathematical techniques. When water is irradiated using an intense light beam, the
polarisability of water molecules changes only slightly. This means Raman spectra of aqueous
solutions have a low water background, which makes Raman spectroscopy water compatible.
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This is an important factor for the analysis of biological materials, as biomaterials in general
contain considerable amounts of water. 
Raman spectroscopy is a fast and non-destructive tool of analysis, which offers the
opportunity to measure cell composition in vivo or to monitor a changing sample composition
in function of the time. This is made possible as small sample volumes could be measured by
using confocal Raman spectrometers, while the spectroscopist can laterally focus on surfaces
at micrometer level. At the most extreme, even single cell analysis was already
performed(65, 121).
b) Disadvantages of Raman spectroscopy
A fluorescence background can be very intense in Raman spectra and is often the main
interference(94). It is a physical phenomenon in which the virtual energy level has energy
comparable to an electronic level of the sample molecule and as such the molecule is excited
to a higher electronic state. Intermediary relaxation, accompanied with heat production, leads
to many possibilities for the molecule to return to the electronic ground state. The sample
molecule in the higher electronic state is able to relax to all vibrational energy levels of the
electronic ground state, which results in a lot of overlapping signals and because of the
efficiency of the fluorescence process, the fluorescence background can be an intense and
continuous signal. The amount of fluorescence depends on the laser wavelength; in general
fluorescence is less intense with increasing laser wavelength. 1064 nm lasers are often used, at
the expense of sensitivity.
A second phenomenon which might delimit the application of Raman spectroscopy is
the absorption of laser light. Obtaining a Raman spectrum of dark coloured samples might be
problematic, especially when the colour of the laser light is complementary to the sample
colour. The intense laser bundle will be absorbed by the sample, which causes heating and
eventually sample damage. Absorption can often be dealt with by selecting an appropriate
laser for the selected application.
Due to the weakness of the Raman effect, the detection limit of ordinary Raman
spectroscopy, which is typically a few percent, might be another important issue. Resonance
Raman spectroscopy as well as the SERS-technique (Surface Enhanced Raman Scattering)
enhance sensitivity, but are not always applicable.
2.3 Comparison of Raman spectroscopy with other techniques
Raman spectroscopy and infrared spectroscopy both probe molecular vibrations,
although Raman and IR-spectroscopy are subject to different selection rules(94). IR-signals are
only observed when polarity changes during the vibrational transition, opposite to a change in
polarisability during a Raman transition. Polarity and polarisability are two different physical
phenomena. This results in complementary information which makes it interesting to combine
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Raman and infrared spectroscopy. Therefore, both infrared and Raman spectroscopy are used
for similar applications, such as in mycological research(84, 155).
However, as Raman spectra are mainly composed of narrow bands, spectral analysis is
simplified compared to infrared spectroscopy. In addition, low vibrational modes are generally
not observable through infrared spectroscopy and samples can be mounted in a glass
container, which is not possible with infrared spectroscopy.(42) Raman spectroscopy is
insensitive to interference of water, so where strong interference from water absorption
occurs, Raman spectroscopy is preferred over IR spectroscopy. The spatial resolution that can
be obtained by vibrational spectroscopy is dependent on the wavelength used: where a spatial
resolution of several micrometers can be obtained by infrared spectroscopy(140), Raman
spectroscopy is able to analyse a sample at sub-micrometer resolution by choosing an
appropriate laser wavelength. In this way, individual cellular components can be analysed,
which is not possible with IR spectroscopy(e.g. 64, 121).
Raman and infrared spectroscopy are often interchangeable and could replace each other
in case one technique fails. The usage of instrumentation may therefore be dependent on the
instrumentation that is already available in the lab. IR spectroscopy is not subject to
fluorescence, and is thus preferred in cases of very strong fluorescence. Because, infrared
spectroscopy has been used more extensively in the 20th Century(48), libraries of infrared
spectra of biomolecules exist, which is barely the case for Raman spectra. Therefore, if
spectral interpretation is necessary, infrared spectroscopy may be the preferred technique.
Other chemical analysis techniques generally require different sample pretreatment
steps, such as extraction and sample destruction. Where vibrational spectroscopy (IR and
Raman spectroscopy) analyses the complete chemical composition of a sample, techniques
mass-spectrometry (MS) based techniques, GC, UV-VIS spectroscopy, HPLC analysis, etc.
analyse only part of the chemical composition(e.g. 9, 77, 54, 145, 149). These techniques are therefore
often used for specific analyses.
When molecules in the sample are fluorescent, fluorescence spectroscopy can be used as
an alternative technique. However, not all molecules are fluorescent. Thus, fluorescence
spectroscopy has a more limited range of applications compared to Raman spectroscopy.
Because Raman scattering is a much weaker physical process than fluorescence, fluorescence
spectroscopy is to be preferred if it is applicable. Successful applications of fluorescence
spectroscopy include the quantitative determination of NADPH, tryptophan, riboflavin, etc
and the determination of cell mass(4, 56, 57). A bioprocess could also be monitored by
fluorescence spectroscopy when a chemical compound can be added that reacts with the
sample’s molecules and forms a fluorescent product in the sample.
As stated before, both morphological and molecular tools are used for fungal taxonomy.
Raman spectroscopy can be used for chemotaxonomic purposes as well, although Raman
spectroscopy should not be considered as a substitute for either these molecular tools or the
classical morphological investigations. It is an additional and alternative tool, offering a lot of
potential due to its non-destructive nature and fast analysis. 
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3 Calibration and the use of chemometrics
The main interferences in Raman spectroscopy were discussed in the previous section.
As fungal materials, like other biological materials, in general have a complex composition,
their Raman spectra often have several overlapping bands. These bands often have valuable
shoulders, characteristic for specific functional groups. In addition, biomaterials frequently
consist of many different molecules of a similar structure. The frequencies of the Raman
bands of such molecules only differ slightly, as frequencies are mainly determined by the
functional group and to a smaller amount by the rest of the molecular structure. All these
facts, as well as the presence of spectral fluctuations, may hinder the spectral interpretation
and the assignment of bands to specific structures. The requirements to the calibration depend
on the application in mind. When a qualitative analysis of simple fungal extracts is needed,
calibration is less stringent. On the contrary, when direct data comparison is aimed or when a
spectral database needs to be built, then a very accurate calibration protocol has to be
followed.
Extraction of useful information from Raman spectra of complex fungal materials is
mainly a three stage process. As a first requirement, the Raman spectrometer needs to be
calibrated adequately for the intended application. Furthermore, all interferences and
background effects still present in the Raman spectra need to be eliminated by mathematical
preprocessing of the data. Finally, the information is drawn from the corrected spectra and
conclusions are deduced.
3.1 Accurate calibration of a Raman spectrometer
In order to relate bands and shoulders to specific molecular groups, the Raman shift axis
needs to be very accurate. Hutsebaut et al.(67) presented a well tested calibration protocol to
solve this issue. By measuring 7 calibration standards (4-acetamidophenol,
acetonitrile / toluene, 1,4-bis-(2-methylstyryl)benzene, cyclohexane, naphthalene, polystyrene
and sulphur) during the day, the Raman shift axis can be calculated. To correct for differences
in detector-response, the intensity values on the y-axis are divided by a function which
correlates with the quantum efficiency of the detector. This function is measured by using a
calibrated tungsten bulb, operating at a well-known voltage and electric current.
When one wants to use Raman spectroscopy for identification of samples, a spectral
database needs to be built through repeatedly and randomly reanalysing many samples. The
major problems to obtain a stable database are laser shifts occurring over a longer period,
which are as well addressed by the procedure of Hutsebaut et al.(67). By collecting each hour a
neon spectrum and an ε-caprolacton spectrum to correct for intra-day laser shifts, long-time
spectral differences can be as little as 0.2 cm-1.
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3.2 Pre-treatment of data
Background signals differ from spectrum to spectrum. In many cases, a fluorescence
background of biological samples can be modelled mathematically by fitting a fifth order
polynomial through the spectra(78). Other variation in the Raman spectra may be due to
differences in scattering, focus or water content, etc.(84). This is not problematic for monitoring
of a well-known sample or for a simple check on the presence of specific molecular groups.
However, for more demanding applications, such as chemotaxonomy or product identification
using spectral databases, one needs to correct for these issues in order to be able to use these
spectra adequately. Otherwise, long-term drifts in the spectrometer’s output will be the main
variation in the data, instead of sample specific information. Thus, not only a careful
calibration routine is needed, but a proper chemometric preprocessing protocol, to eliminate
all unnecessary spectral variation, is necessary as well.
Interferences in a Raman spectrum can be of both physical and chemical origin.
Baseline fluctuations are amongst the most important obstacles a Raman spectroscopist needs
to be aware of. Major causes of these physical interferences are fluctuations in scattering,
focussing and density changes. Mathematical techniques such as vector normalisation are used
for intensity corrections, whereas the standard normal variate (SNV) procedure is often
applied to take care of scattering fluctuations(5). In addition, the Savitsky-Golay algorithm is
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Figure 1.2: Effect of applying the first derivative using the Savitsky-Golay algorithm on
spectral backgrounds: a) The two top spectra of L. lacunarum spores have a different slope; b)
The same spectra with the Savitsky-Golay algorithm applied.
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used to correct for baseline shifts between sample spectra(127). The effect of this mathematical
preprocessing technique on spectra is represented in figure 1.2. In figure 1.2a two Lactarius
lacunarum spore spectra are shown, which show quite a few spectral differences. The main
spectral difference is a change in slope, which is handled effectively by taking the first
derivative. Figure 1.2b shows the same spectra on which the Savitsky-Golay algorithm is
applied (window width of 9 data points, second order polynomial for fitting and first
derivative; derivative spectra are four times magnified and shown with an offset of -4). The
resulting derivative spectra can be used to build a more stable spectral database.
Another category of preprocessing routines includes techniques which enable a Raman
spectroscopist to process spectral fluctuations mathematically using a model trained with a
reference set of spectra. A mathematical model of the data is built using a suggested
fluctuation pattern: in a first stage, the model is trained by using a training set to obtain the
parameters of the mathematical routines. In a second stage, this model is applied to other
spectra in order to correct for the interference under investigation. Multiplicative signal
correction (MSC)(88) and extended multiplicative signal correction(87, 90) are representatives of
these trained model techniques. Next to these techniques to take care of physical interference,
chemical interference can be handled by using vector subtraction(84) as well as by EMSC.
3.3 Data analysis
Common chemometric tasks include estimation of concentrations, sample classification
and identification. The chemical composition of biomaterials is considered to be sample or
species dependent for classifying purposes. However, the major composition of related fungal
samples is often comparable, with only minor compositional differences, thus resulting in
highly similar Raman spectra.
The number of variables in these high-dimensional spectra is reduced for data analysis
in almost all cases, while the information is retained in only a few latent variables. Principal
component analysis (PCA) is one of the most frequently used techniques to reduce the amount
of data, while retaining information. In order to perform concentration estimation, a
subsequent multiple linear regression (this is also called principal components regression or
PCR) is performed. Partial least squares (PLS) analysis is alternatively executed, often
yielding better results. In other cases, sample classification such as species identification is
needed and PCA is followed by cluster analysis, to reveal sample relationships, or linear
discriminant analysis, to stress spectral differences between samples.
4 Applications of Raman spectroscopy in mycology
As Raman spectroscopy is a vibrational spectroscopic method of analysis, it measures
signals characteristic for functional groups of the sample molecules. The inherent properties
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of Raman spectroscopy show the technique’s possibilities and opportunities for the analysis of
fungi or fungal materials. The absence of sample pretreatment makes Raman spectroscopy
directly applicable for chemical analysis of fungi, especially for the analysis of sample
composition and chemical reaction monitoring. Since the progress in Raman instrumentation,
papers on studies with very different goals have been published, including clinical, taxonomic
or other scientific aspects. In the majority of these studies, researchers investigated lower
fungi such as moulds and yeasts.
4.1 Clinical applications
In case of problematic infections, there is no time to culture mycelia for several days in
order to identify the pathogen. Therefore, a faster method of analysis is necessary in order to
accurately counter infectious diseases. This is especially of importance in intensive care units
to reduce mortality. Raman spectroscopy has perspectives here, as was shown by Maquelin et
al who used Raman spectroscopy to identify and discriminate between Candida species(69, 84).
They also obtained a prediction accuracy of 90 % of Candida infections in peritonitis patients.
This approach had a turnover time of one day compared to three to four days for classical
microbiological tests. Such a fast and non-destructive identification is especially handy
leading to better treatment of the Candida infection and in general lower drug resistance.
Maquelin et al.(84) also investigated other clinical aspects of Raman spectroscopy, such as the
detection of pathogens in blood cultures(85).
4.2 Investigation of lichens
Lichens have been intensively studied with Raman spectroscopy(38, 40, 123, 151). The lichens
do not need to be detached from their substrate prior to analysis, contrary to the
destructiveness of commonly used chromatographic techniques. The lichens and their
substrata were collected in the field and analysed afterwards in the lab. With an optimized
Raman spectrometer, spectra were collected from different sample layers at micrometer level
and the organic content of the lichen’s centre and the outer photosynthetisising layers could be
measured separately. The fungus could be clearly differentiated from its photosymbiont and
different lichens could be recognized from each other as well. The ability to analyse organic
and inorganic molecules in the same experiment, was used to study biodeterioration and
product formation. Lichens, whose fungi feed on the sugars produced by their
photosymbionts, produce acidic compounds as they grow, while calcareous substrates are
degraded by these acidic products. This leads to the leakage of chalk (CaCO3) and to the
formation of oxalates. This oxalate formation may cause the degradation of monuments and
the deterioration of their structure. Raman spectroscopic investigation of such monuments
does not only help in determining the degree of degradation, but is also of interest for the
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identification of pigments in infected wall paintings. This ability makes Raman spectroscopy
an interesting tool in the restoration of wall paintings and monuments.
4.3 Raman spectroscopic analysis of higher fungi
Vibrational spectroscopic classification of fungal samples is a major research topic in
the literature. Mohaček-Grošev et al.(97) intensively investigated different parts of amongst
others Amanita, Lactarius (Russulales), Macrolepiota (Agaricales) species with infrared
spectroscopy and compared some of them with their corresponding Raman spectrum. Their
research was a broad prospection rather than an in-depth study. They found, however, that
specimens could be recognized at generic level based on infrared spectra of the spores. De
Gussem et al.(31) analysed Lactarius spore composition by using Raman spectroscopy, prior to
further research to investigate the possibility of using basidiomycetous spores for
chemotaxonomic purposes. Vibrational spectroscopy as a taxonomical tool is rather new and
up to now mainly done for lower fungi or on a very broad taxonomic scale. Edwards et al.(39)
for example compared the spectra of Zygomycota such as Mucor (Mucorales), Mortierella
(Mortiellales) and Basidiomycota such as Agaricus (Agaricales).
4.4 Other applications
Raman spectroscopy can be used to monitor life cycles and biological processes(64, 65),
e.g. to control metabolite production or screen for metabolic activity. Monitoring of antibiotic
production has been demonstrated by Clarke et al. as well(18), by using surface enhanced
Raman spectroscopy. An extreme case of this monitoring capacity is single cell analysis.
Rösch et al.(121) used Raman spectroscopy for single cell yeast identification. For each sample,
they collected 10 spectra of different compartments in a yeast cell and concluded that the
average spectrum of the different cell compartments could be a chemotaxonomic marker for
yeast identification. Huang et al.(64) studied the mitosis process of yeasts by using Raman
spectroscopy. With a confocal Raman spectrometer a time resolution of 100 s and a lateral
resolution of 250 nm was achieved. This resolution is a big advantage compared to other tools
of analysis: other biochemical methods usually lack detailed time and space information,
while molecular information is generally time and space averaged. During the mitotic division
of yeasts, different signals in the Raman spectrum can be observed and attributed to proteins,
lipids, phospholipids and carbohydrates.
As a last example, tissue characterisation and pathogen detection on foods can be
mentioned. Yang et al.(158) applied Raman spectroscopy to detect micro-organisms on apples,
in order to screen for pathogens. Real-time screening and detection of pathogens by an
imaging spectrometer can be used in the food industry to further minimize infections and rise
the degree of food safety.
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5 Future prospects of Raman spectroscopy in mycology
The evolution in Raman instrumentation in the past has given an impression of how
Raman spectroscopy may evolve. During the last two decades there were huge improvements
in instrument stability and sensitivity. Raman spectrometers also became smaller and easier to
operate and this trend is expected to continue. These improvements lead to the development
of mobile spectrometers, which can be used for fast on-site analysis. This on-site analysis
results in many more applications of Raman spectroscopy, because some samples for instance
may not be transported to a laboratory because they are too heavy or because they can not be
collected due to sample degradation. The importance of personal computers to operate Raman
instrumentation can not be neglected. Computers improve the ease of use of Raman
instrumentation, allow reliable mapping experiments and are more and more used for the
mathematical treatment of spectra. Increased storage capacity and processor power will be
used to deal with the huge amount of data in mapping experiments, while the application of
more refined mathematical algorithms results in a more robust data analysis. Such algorithms
of interest are for example EMSC, including its extensions such as spectral interference
subtraction(87, 90), and 2D-Raman spectroscopy(105).
Fluorescence is one of the major interferences in Raman spectroscopy. Fluorescence
backgrounds can be dealt with by choosing an appropriate laser wavelength. Unfortunately,
the laser wavelength can not be chosen arbitrarily. Tunable lasers are in development but they
are unstable and have a low laser light intensity to date. This eventually may be solved to
reduce fluorescence backgrounds in Raman spectra of biomaterials.
As outlined in the previous section, clinical applications of Raman spectroscopy include
a fast spectroscopic identification of pathogens in order to reduce mortality in hospitals. A fast
identification could also be used to counter fungal infections more effectively whereas the
usage of Raman spectroscopy in agriculture may save crops. Mobile Raman spectrometers
could be used in the field to screen for pathogens on crops.
Current research in Raman spectroscopy will certainly lead to industrial applications in
this field. Due to its ability to obtain spectra through transparent windows, reaction
monitoring by Raman spectroscopy is a realistic example. In addition, the usage of optical
fibres permits the analysis of chemical content at large distances from the (bio)reactor.
Monitoring of yeast fermentation has been examined in the literature, e.g. by Shaw et al.(130).
On-line spectroscopic analysis assists the optimization of biotransformations for efficient
production of green chemicals starting from raw biomaterials. In this way Raman
spectroscopy as well as other spectroscopic methods contribute to the applicability of
sustainable chemistry.
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6 Concluding remarks
Mycologists are familiar with morphological characters and phenotypic tools in
scientific research, while chemical tools are used to a lesser extent. Raman spectroscopy,
being a vibrational molecular spectroscopic method, became recently available as a chemical
tool of analysis in biological research. The properties of Raman spectroscopy highlight its
opportunities in mycology. Compared to other analytical techniques, Raman spectroscopy has
some unique medical and industrial opportunities, due to its monitoring capacity and also
partly due to its non-destructive nature and speed of analysis. However, as Raman
spectroscopy for high-demanding applications, such as the analysis of fungal biomaterials,
only became available in the past 10-15 years, the technique is still under development.
Potential of Raman spectroscopy for mycological applications still is a growing field and
scientists are working on new opportunities before mycological applications of Raman
spectroscopy may be developed into commercial products.
7 Notes on this publication
As mentioned in the text, most spectroscopic research projects in mycology have
focussed on microfungi, which is certainly the case for Raman spectroscopy. Another research
topic that is not discussed in this chapter, is the application of Raman spectroscopy for the
analysis of wood fungi and infected wood. To date, most papers on vibrational spectroscopic
investigation of wood have focussed on the analysis of native wood(e.g. 52, 73, 141), such as the
lignin distribution in the wood tissues or spectral interpretation of the observed bands.
Research on wood infection by fungi has already been performed using infrared
spectroscopy(e.g. 43, 102, 109). More information on wood analysis with Raman spectroscopy is
given in part III chapter II.
CHAPTER II:
Introduction to Basidiomycota
This chapter gives a general mycological introduction for readers who do not have sufficient
mycological background. Thus, this chapter can be safely skipped by mycologists. Together
with chapter I, this chapter gives the basic knowledge, so you, as a reader, should be able to
understand this thesis. In addition, chapter III illustrates that similar products result in slightly
different Raman spectra.
1 Introduction
It is important to realize that taxonomical and
systematic insights in mycology, more than in most other
biological branches, are still subject to changes. In
Basidiomycota, the historical classification of Agaricales
(which means "bearing gills") versus Aphyllophorales
(which means "without gills"), where the form and shape
of the hymenophore was considered one of the major
characters, still leaves its traces, though it is frequently
proven now that other characters are phylogenetically
more informative. Thanks to molecular data, current
classification systems more and more consist of natural
(being monophyletic) groups. 
The focus in this thesis is on agaricoid
Basidiomycota, formerly classified as Agaricales. The basidiocarp of these fungi is
characterized by a pileus and generally a centrally attached stipe. The hymenophore at the
underside of the pileus usually consists of gills (lamellae). This is the shape that most people
experience to be a "real mushroom" and well-known examples are the fly agaric (Amanita
muscaria) (fig. 2.1) and the button mushroom (Agaricus bisporus).
Figure 2.1: Amanita muscaria, a typical
example of an agaricoid basidiomycete
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An overview of the life cycle of Basidiomycota is given, followed by a description of
the macromorphological features of the basidiocarp (sometimes referred to as the fruit body,
the sporocarp, the carpophore), but first some general features of fungi are discussed.
2 General characteristics of fungi
Fungi are heterotrophic eukaryotic organisms that have a diffuse body, referred to as
thallus (primitive, often unicellular) or mycelium. This mycelium consists of long hyphae that
look like fine threads (see e.g. figure 2.2). The hyphae have walls that contain chitin, grow at
the ends and form many bifurcations to efficiently invade a substrate. Hyphae contain many
septa which divide them in small parts, comparable to cells in animals or plants. Fungi
produce digestive enzymes that are secreted. Organic compounds are degraded outside of the
fungus body and small soluble products are absorbed. This particular type of obtaining the
energy needed to sustain life is called chylotrophy. This allows fungi to grow in hardly
accessible substrates. Fungi reproduce by spores which are often produced in very high
quantities. All these characters make them one of the most successful group of organisms with
an estimated 1.500.000 species(59).
3 Life cycle of the Basidiomycota
The life cycle of a basidiomycete consists of different stages, which are represented in
figure 2.3. Normally only the structures of the last growth stage, the basidiocarp, are observed.
When a haploid fungal spore falls onto the ground in beneficial growth conditions,
germination occurs. A diffuse haploid or mono-karyotic mycelium is formed. This thallus is
composed of hyphae, which can be thought of as long strains of cells, that grow by division of
Figure 2.2: mycelium of Coniophora puteana
(100x magnified) observed under the objective lens
of a Raman spectrometer
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the cells at the end. When complementary haploid thalli touch each other, the hyphae of the
two thalli join and a cell is formed that contains two complementary nuclei: the dikaryon.
From this cell a secondary dikaryotic mycelium is formed. At a certain moment, a fruit body
or basidiocarp is formed when all growth conditions, including for example temperature,
humidity, availability of nutritional sources and soil pH, are favourable. The basidiocarp is a
macromorphological structure that is responsible for spore formation and dispersal. The
basidiocarp is often the only part of the fungus body that is observed in natural conditions,
while the mycelium remains unnoticed. It consists of several types of tissues which are
divided in the hymenium layer, where the spores are formed, and the sterile trama. In the
hymenium some of the terminal cells in the binucleate hyphae increase in volume. These
enlarged cells are called basidia. Fusion of cell nuclei followed by meiose occurs, resulting in
four haploid nuclei. At the top of each basidium four sterigmata are formed. Each haploid
nucleus migrates into a bud, whereby a haploid spore is formed. Spores are normally
Figure 2.3: life cycle of an agaricoid fungus
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dispersed by an active process (balistospores) and then transported through the air, although
transport by water or animals also occurs. When the spore encounters beneficial
circumstances for growth, the spore germinates and the life cycle is closed.
4 Morphology of the basidiocarp
The basidiocarp of Agaricales typically
consists of a cap and stipe. A typical
representative of the Agaricales has gills
underneath the pileus. The hymenium layer
where the spores are formed usually covers the
gills; all other parts of the basidiocarp are
indicated as the trama (sterile, usually composed
of hyphae) except for the outer layer of the pileus
(pileipellis) and the stipe (stipitipellis). Besides
gills, other possible scenarios for the
hymenophore are spines, tubes, a poroid,
labyrinthuloid or smooth surface, etc.
The Aphyllophorales traditionally differed
by the absence of gills, but a more consistent
feature of this group is the presence of
thick-walled, so-called skeletal hyphae. The
trama is dimitic when it contains skeletal hyphae
besides the thin-walled generative hyphae.
Aphyllophorales may also have generative, skeletal and binding hyphae in a trimitic system.
This results in less fleshy, but coriaceous or even woody basidiocarps which have a longer
viability then the fleshy Agarics. The hymenophore might be smooth, lamellar, poroid,
labyrinthuloid, etc.
Figure 2.4 illustrates the macromorphology of a basidiocarp (often referred to with the
wrong name “fruiting body”) of agaricoid fungi. In the list below, a glossary is given that
includes amongst others the parts of a basidiocarp(74):
• basidium: cell, that is typical for Basidiomycota, where the two different nuclei fuse
(karyogamy) and where the meiosis occurs, resulting in 4 haploid nuclei; bearing
usually 4 sterigmata
• cap or pileus: part of the basidiocarp that supports the hymenophore at the underside
• context: trama of the basidiocarp
• cystidium: a sterile cell, frequently of distinctive shape, occurring at any surface on
the sporophore, but frequently present in the hymenium; cystidia are amongst others
Figure 2.4: schematic view of an agaricoid basidiocarp
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named and classified according to their place on the basidiocarp: e.g. cheilocystidia
are found at the edge and pleurocystidia at the side of a lamellum
• gills or lamellae: type of hymenophore where gills bear the hymenium; the lamellae
often have the colour of the spores
• hygrophanous: changing strongly in colour when drying
• hymenium: layer consisting of basidia and sterile elements
• hymenophore: structure or tissue that bears the hymenium
• mycorrhiza: a symbiotic, non-pathogenic association between the hyphae of certain
fungi and the roots of a plant; mycorrhiza are observed for the majority of plant
species and are generally specific between the fungus and the host plant. In the case
of endomycorhizae, the hyphae of the fungus extend into the roots of the plant,
whereas the hyphae of the fungus in ectomycorhizae form a distinctive outer mantle
on the roots.
• parasite: an organism living on or in and obtaining its nutrients from another living
organism (the host); by absorbing nutrients, the parasite harms its host organism
• partial veil, inner veil or velum partiale: tissue developed from the stipe, which joins
the stipe and the pileus edge and which may later become a ring or cortina
• ring or annulus: partial veil (or part of it) round the stipe after the development and
expansion of the pileus; Amanita is a genus of which the basidiocarps generally have
rings
• saprobe: an organism that uses dead organic material to obtain its nutrients; the
saprobe generally causes the decay of the dead material (saprobe/saprotrophic is the
preferred term for fungi instead of saprophyte)
• scales: remnants of the universal veil on the pileus
• spore print: the deposit of a sporophore by allowing the spores to fall onto a sheet of
paper that is positioned below the sporophore
• stipe: stalk, part of the basidiocarp that bears the pileus
• trama: sterile part of the basidiocarp, composed of hyphae. In the case of Russula and
Lactarius the trama is heteromerous, meaning that it is composed of hyphae and
globose cells (sphaerocytes)
• universal veil or velum universale: tissue that protects the basidiocarp during growth
of the basidiocarp
• volva: cup-like lower part of the universal veil round the stipe of a mature
basidiocarp
5 Systematics and taxonomy of Basidiomycota
The division Basidiomycota contains about 30000 species known to date(74). Recent
classifications recognize 1353 genera, 130 families, 33 orders and 3 classes in the
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Basidiomycota according to the dictionary of fungi. A schematic view of the genera that are
studied in this thesis is given in figure 2.5.
Figure 2.5: schematic overview of the genera that are studied in this thesis. The studied items are
shown in bold face text.
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The class Basidiomycetes is composed of two subclasses: Tremellomycetidae (or
Heterobasidiomycetes) and Agaricomycetidae (or Homobasidiomycetes). The
Agaricomycetidae contains 8 orders, namely the Agaricales, Boletales, Cantharellales,
Hymenochaetales, Phallales, Polyporales, Russulales and Thelephorales. The organisms that
are studied in part II of this thesis are located in the orders Agaricales and Russulales. The
wood rot fungi that were studied in part III of this thesis are located in the order Agaricales,
Boletales and Polyporales.
In the Russulales (11 families and 1709 species in total), Lactarius and Russula are the
largest genera with mainly agaricoid representatives.
The order Agaricales (26 families and 9387 species in total) contains amongst others the
families Hydnangiaceae, Tricholomataceae and Pleurotaceae. The family Hydnangiaceae is
composed of 4 genera, where some species of the genus Laccaria are studied. On the other
hand, the family Tricholomataceae contains 107 genera, amongst others Collybia and Mycena.
The cultivated white rot fungus Pleurotus ostreatus belongs to the family Pleurotaceae (54
species in 2 genera). Important characters to define families and genera include for example
the colour of the spore print, the presence or absence of velum and whether the fungus has a
saprophytic, parasitic or mycorrhiza forming habit.
The order Polyporales (23 families and 2253 species in total) contains amongst others
the families Polyporaceae and Gloeophyllaceae. Trametes versicolor is a white rot fungus that
belongs to the Polyporaceae. The family Gloeophyllaceae is composed of only one genus
(Gloeophyllum) with 9 species, such as the common brown rot fungus Gloeophyllum trabeum.
The order Boletales (18 families and 1025 species) contains amongst others the family
Coniophoraceae. This family contains the genera Coniophora, Serpula and 9 other genera.
Coniophora puteana and Serpula lacrymans are representatives of the Coniophoraceae that
are studied in this work.
CHAPTER III:
Raman spectroscopy as a spectroscopic
tool for the analysis of biomolecules
Based on the paper: De Gelder J., De Gussem K., Vandenabeele P. and Moens L. (2007). Reference database of
Raman spectra of biological molecules. Journal of Raman spectroscopy, in press
Where chapter I focusses on Raman spectroscopy and its applications for the analysis of fungi
as described in the literature, this chapter illustrates the ability of Raman spectroscopy to
discriminate between similar organic molecules. The products presented here are part of a
spectral database for the analysis of biomaterials. Such a database is necessary for the
interpretation of complex Raman spectra of biomaterials and is used for the study of spores of
Basidiomycetes (Part II, Chapter II), Lactarius latex (Part II, chapter IV) and for the
interpretation of wood spectra (Part III, chapter I) and wood rot fungi (Part III, chapter II).
1 Introduction
Raman spectroscopy is a non-destructive, fast technique of analysis that probes the
vibrational frequencies in a molecule(94). These are characteristic for a certain molecule and
are dependent on the molecule’s structure. The bands in Raman spectra are well resolved,
compared to the spectra of similar spectroscopic techniques, such as infrared spectroscopy.
The intensity of the measured signals is proportional to the change in polarisability of (part of)
the irradiated molecule. Other important effects that affect Raman spectra are chirality, crystal
orientation (in case of solids) and inter- and intramolecular interactions. Because of molecular
interactions, vibrational energy levels are affected, which results in band broadening and small
band shifts. Raman spectra of a product are therefore dependent on the material’s aggregation
state (gas, liquid or solid). However, as vibrational frequencies are unique for a molecule, a
product’s Raman spectrum can be considered as a unique fingerprint. Because of the
relationship between the polarisability of functional groups and the intensity of the different
Raman bands, Raman spectroscopy is especially suited for the analysis of molecules that
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possess loosely bonded electrons. Typical bonds and functional groups with a high
polarisability are for example double bonds (such as alkenes and carbonyls), triple bonds
(such as alkynes and nitriles). Other examples are aromatic bonds and bonds with atoms with
a relatively high atomic number (such as phosphor, sulphur, bromine and iodine).
Vibrational frequencies are theoretically dependent on the structure of the whole
molecule. In reality, however, orbitals describing the vibrational fine structure of a molecule
are often localised between a few atoms. Molecular vibrations can therefore be considered as
originating from specific functional groups that are influenced by the functional groups’
molecular environment. Bands in a Raman spectrum can therefore often be attributed to
specific functional groups. The influence of the molecular environment on the vibrational
frequencies results in slightly different spectra for similar molecules.
Raman spectroscopy as a chemical tool of analysis is applicable in many research
domains, such as art analysis(147), analysis of historical objects(36), polymer analysis and
characterisation(116), catalyst research(135), etc. Because of the low water interference and
progression in instrumentation for Raman spectroscopy(11, 94), opportunities of Raman
spectroscopy in biology and microbiology have also been explored.
Raman spectroscopic investigation of biological products, such as saccharides and pure
proteins, already started in the 1970's(110), but over the last couple of years, this research has
been extended to the analysis of complex biomaterials. Some Raman spectroscopic research in
biology and microbiology focuses on the identification of organisms such as bacteria, fungi
and yeasts. Several of these studies have been successful, as identification at the species(82, 83)
and sometimes even at the strain(68, 69, 107) level could be obtained. In this type of research, the
spectra are treated as mathematical data and little or no chemical information is retrieved.
Despite the high amount of (bio)chemical information present in these spectra, it is difficult to
identify the compounds because of the complex nature of Raman spectra collected from
biological materials. Indeed, it is on the one hand advantageous that the spectra contain
contributions of all (complex) biomolecules in a tissue, but on the other hand it is very hard to
discriminate between the signals of highly similar molecules.
A first step towards the interpretation of these complex spectra is the knowledge of the
Raman band positions caused by the different cell components. Lippert et al.(80) and Weng et
al.(154) have already presented Raman spectra of some fatty acids and fats, while Raman
spectra of different types of carotenoids were described by Weesie et al.(153). Surface enhanced
Raman spectra of saccharides were recorded by Mrozek et al.(99), who showed that Raman
spectra of dissolved saccharides could be detected at very low saccharide concentrations (up
to 10-2 M).
In this chapter, the Raman spectra of different saturated and unsaturated fatty acids, fats
as well as saccharides are discussed. These spectra can serve as a reference for the
interpretation of Raman spectra from biological materials. This database contains thus basic
information necessary to check the presence of biomolecules in biological materials, to
monitor the metabolism or to track certain environmentally induced changes.
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2 Experimental
2.1 Raman instrumentation
Raman spectra were recorded with a Kaiser System Hololab 5000R modular Raman
microspectrometer. A diode laser of 785 nm laser wavelength (Toptica Photonics AG) was
focussed through a 100x objective in the microscope (Leica), which resulted in a laser power
of approximately 45 mW on the sample. The scattered light is transferred trough a confocal
15 µm aperture pinhole and a collection fibre to the spectrograph, where after dispersion by a
transmission grating, it was detected by a back illuminated deep depletion Pelletier cooled
(-70°C) CCD detector (Andor). The Raman signal was collected in the spectral interval
between 150 and 3500 cm-1, but only the region between 300 and 1800 cm-1 was used. The
acquisition time for all spectra was 60s and the spectral resolution was approximately 4 cm-1.
Name Supplier Specifications
Fatty acids and fats
lauric acid Sigma-Aldrich 98%
myristic acid Sigma-Aldrich Sigma grade, 99-100%
palmitic acid Sigma-Aldrich Free acid, Sigma grade
stearic acid Sigma-Aldrich Free acid, grade I, ~99%
12-methyltetradecanoic acid Sigma-Aldrich
13-methylmyristic acid Sigma-Aldrich
14-methylpentadecanoic acid Sigma-Aldrich
14-methylhexadecanoic acid Sigma-Aldrich
15-methylpalmitic acid Sigma-Aldrich
oleic acid Sigma-Aldrich Reagent grade, 99%
cis-vaccenic acid Sigma-Aldrich
glycerol Sigma-Aldrich BioChemika Ultra, anhydrous, >=99.5%
(GC)
triolein Sigma-Aldrich (C18:1,-CIS-9) Sigma grade approx 99%
trilinolein Sigma-Aldrich (C18:2,-CIS,CIS-9,12) approx 99%
trilinolenin Sigma-Aldrich Purum ~98% (GC)
Saccharides
β-D-glucose MP Biomedicals 99%
lactose DMV International (Veghel,
The Netherlands)
Respitose SV003
cellulose MP Biomedicals 98%
D(+)-dextrose MP Biomedicals anhydrous
D(+)-trehalose Sigma-Aldrich Biochimika ~99.5% (HPLC)
amylose MP Biomedicals Essentially free of amylopectin
amylopectin MP Biomedicals
D(+)-mannose Sigma-Aldrich For microbiology
D(+)-fucose Merck
D(-)-arabinose Merck
D(+)-xylose Merck
D(-)-fructose Sigma-Aldrich 99%
D(+)-galactosamine hydrochloride Sigma-Aldrich Cell culture tested
N-acetyl-D-glucosamine Sigma Aldrich >= 99%, powder
chitin MP Biomedicals Practical grade 90-95%
Table 3.1: List of analysed products
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Spectral calibration was  performed in MATLAB as described by Hutsebaut et al.(67),
which includes (I) absolute wavelength calibration with a neon bulb, (ii) intensity calibration
with a tungsten bulb, (iii) relative wavelength calibration with seven reference products,
(iv) correction for dark noise of the detector as well as (v) correction for the spectral
contribution of optical components.
2.2 Reference products
Supplier  and technical information of the reference products is given in table 3.1 and an
overview of the chemical structures is given in figure 3.1 and 3.2. For collection of the Raman
spectra, these compounds were transferred to a CaF2 slide. For each reference product
different focus points (two up to four) were chosen and at each point five Raman spectra of
60s were collected. The calibrated spectra were treated by extended multiplicative scattering
correction (EMSC)(89, 90) (see also section 5.1 on page 63), using the EMSC toolbox developed
by H. Martens(91). In particularly, datacase 103 was applied which represents a correction for
physical interferences. Afterwards, the spikes were removed, followed by the calculation of
the average spectrum for each reference product.
R = H: glycerol
 -(C=O)-(CH2)7-CH=CH-(CH2)7-CH3: triolein
 -(C=O)-(CH2)7-CH=CH-CH2-CH=CH-(CH2)4-CH3: trilinolein
 -(C=O)-(CH2)7-CH=CH-CH2-CH=CH-CH2-CH=CH-CH2-CH3: trilinolenin
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Figure 3.1: Structure of the fats and fatty acids that are included in the database of reference products
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Figure 3.2: Structures of the saccharides that are included in the database of reference products
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3 Results and discussion
Spectra of different types of biological products can be clearly distinguished from each
other(30). CH2 and CH3 functional groups give rise to Raman bands at approximately 1300 cm-1
and between 1440 and 1460 cm-1. As such the spectral bands at these frequencies dominate
the Raman spectra of pure fatty acids and fats, whereas unsaturated C=C double bonds are
visible through intense bands around 1266 cm-1 as well as between 1650 and 1670 cm-1.
Spectra of saccharides are characterized by groups of bands between 1000 and 1200 cm-1 and
between 1300 and 1500 cm-1. Metabolites are not characterised by a single region of dominant
bands, but their Raman spectra are often composed of sharp bands.
3.1 Fatty acids and fats
The spectra of four unbranched saturated fatty acids are shown in figure 3.3; band
positions are summarised in table 3.2. Characteristic for these saturated fatty acids are the
pattern of three Raman bands between 1050 and 1150 cm-1 (ν(C-C) stretching vibrations), the
band at 1296 cm-1 (δ(CH2) twist vibrations) and a group of bands in the region between 1400
and 1500 cm-1 (δ(CH3) or δ(CH2) deformations). As the fatty acid chain elongates with two
carbon atoms, several effects in the Raman spectra can be observed. Two shifts occur with
increasing chain length: (I) the ν(C-C) stretch vibration band at 1084 cm-1 in the spectrum of
lauric acid (fig. 3.3a) shifts to 1092 cm-1 (myristic acid, fig. 3.3b), 1099 cm-1 (palmitic acid,
fig. 3.3c), and 1100 cm-1 for stearic acid (fig. 3.3d) and (ii) the chain expansion vibration
shifts from 464 cm-1 for lauric acid (fig. 3.3a), to 414 cm-1 (myristic acid, fig. 3.3b) and
375 cm-1 for palmitic acid (fig. 3.3c). In addition, the relative intensity of the bands at
approximately 891 and 908 cm-1, due to ρ(CH2) rocking vibrations, is also related to the chain
length.
Figure 3.4, presents the spectra of the branched saturated fatty acids (full names together
with their abbreviations are given in table 3.2). Although the general profile of these Raman
spectra and the spectra of the linear fatty acids are comparable, there are some clear
distinctions. Comparison of the Raman spectra of palmitic acid (fig. 3.3c) and 16iso (fig. 3.4c)
results that the δ(CH2) and δ(CH3) deformations result in only two intense bands between
1400 and 1500 cm-1 for branched fatty acids, while the Raman spectra of the linear fatty acids
contain four to five smaller bands in this region. In addition, the ρ(CH2) rocking doublet at
893 and 909 cm-1 in palmitic acid (fig. 3.3c) is decomposed into several bands in the spectrum
of 16iso (fig. 3.4c), while some additional bands appear around 800 cm-1.
In the interval of the chain expansion vibrations (below 470 cm-1) more bands appear in
the spectra of the branched fatty acids (relative to the unbranched fatty acids) due to the higher
diversity in CH functional groups. The spectra of the iso fatty acids (fatty acids branched at
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Figure 3.3: Raman spectra of the linear saturated fatty acids: (a) lauric acid, (b) myristic acid, (c)
palmitic acid and (d) stearic acid
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Figure 3.4: Raman spectra of saturated branched fatty acids: (a) 12-methyltetradecanoic acid (15Aiso),
(b) 13-methylmyristic acid (15iso), (c) 14-methylpentadecanoic acid (16iso), (d) 14-methylhexadecanoic
acid (17Aiso) and (e) 15-methylpalmitic acid (17iso)
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the one but last carbon atom) clearly show some differences compared to the spectra of the
Aiso acids (fatty acids branched at the third carbon atom, counted from the end of the carbon
chain). Firstly, in the spectra of the Aiso acids the relative intensity of the Raman band at
1296 cm-1 is lower than in the spectra of the iso acids. Secondly, in Aiso acids the three bands
between 1050 and 1150 cm-1 have similar intensities, but for the iso acids the band at
approximately 1090 cm-1 is less intense compared to the two neighbouring bands. Another
spectral difference between iso and Aiso fatty acids can be observed in the region of the
ρ(CH2) rocking vibrations: the Aiso fatty acids show only one band at approximately
906 cm-1, while the iso fatty acids show three to four extra bands between 910 and 970 cm-1.
Figure 3.5 presents the Raman spectra of the unsaturated fatty acids oleic acid (fig. 3.5a)
and cis-vaccenic acid (fig. 3.5b) as well as the spectra of some triglycerides. Oleic acid and
Product Raman bands Fig
lauric acid 464(w), 631(w), 664(w), 891(m), 906(m), 1018(w), 1038(w), 1061(s), 1078(m, sh),
1084(m), 1127(vs), 1178(w), 1191(w), 1272(w, sh), 1296(vs), 1369(w), 1408(m),
1446(vs), 1459(s), 1490(s), 1497(w), 1651(w)
3.3a
myristic acid 414(m), 421(w,sh), 670(w), 893(m), 908(m), 986(w), 1039(w), 1063(vs), 1092(m),
1128(vs), 1175(w), 1296(vs), 1371(w), 1412(m), 1422(s), 1438(s), 1454(m), 1507(w),
1627(w), 1650(w)
3.3b
palmitic acid 375(m), 433(w), 670(w), 893(m), 909(m), 1063(vs), 1099(m), 1129(vs), 1174(w),
1296(vs), 1371(w), 1421(s), 1438(vs), 1455(m), 1465(s), 1481(w), 1627(w)
3.3c
stearic acid 818(w), 848(m), 866(m), 890(w), 909(w), 1062(s), 1100(m), 1129(s), 1173(m),
1187(w), 1206(w), 1296(s), 1371(w), 1408(m), 1418(m), 1441(vs), 1463(s), 1474(m),
1498(w), 1648(w)
3.3d
12-
methyltetradecanoic
acid (15Aiso)
433(w), 669(w), 772(w), 818(m), 840(w), 905(m), 983(w), 990(w), 1018(w), 1040(w),
1063(s), 1098(s), 1130(w, sh), 1141(s), 1171(w), 1265(w), 1296(s), 1302(m), 1344(w),
1371(w), 1380(w), 1412(m), 1440(s), 1447(s), 1459(s), 1472(s), 1505(w), 1649(w)
3.4a
13-methylmyristic
acid (15iso) 
435(w), 822(m), 907(m), 917(w), 936(w), 1061(s), 1098(m), 1134(s), 1170(w),
1272(w), 1296(vs), 1371(w), 1410(w), 1447(vs), 1469(s), 1492(w), 1649(w)
3.4b
14-
methylpentadecanoic
acid (16iso)
418(m), 434(w), 666(w), 815(m), 831(w), 904(m), 918(w), 940(w), 952(w),
1048(w,sh), 1061(s), 1102(m), 1135(s), 1170(w), 1244(w), 1270(w, sh), 1284(m),
1296(s), 1337(w), 1370(w), 1412(m), 1445(s), 1465(s), 1651(w)
3.4c
14-
methylhexadecanoic
acid (17Aiso)
372(m), 452(w), 667(w), 771(m), 788(w), 815(m), 834(m), 906(m), 969(w), 983(w),
995(w), 1006(w), 1031(m), 1062(vs), 1104(vs), 1140(s), 1170(w), 1186(w), 1253(w),
1296(s), 1344(m), 1370(m), 1411(m), 1441(vs), 1465(w), 1479(m), 1649(m)
3.4d
15-methylpalmitic
acid (17iso)
405(m), 416(m), 467(w), 516(w), 666(w), 801(w), 820(s), 846(w), 905(m), 910(m),
930(w), 952(w), 1010(w), 1050(w, sh), 1061(vs), 1103(s), 1135(vs), 1171(m),
1188(w), 1259(w), 1296(vs), 1306(s), 1323(w), 1340(w), 1369(w), 1386(w), 1410(m),
1448(vs), 1464(vs), 1501(w), 1648(w)
443.4
oleic acid 602(w), 725(w), 845(m, sh), 856(m), 866(m), 890(m), 903(m), 971(m), 1023(m, sh),
1035(m, sh), 1065(m), 1080(m), 1118(m), 1265(m), 1301(s), 1416(m, sh), 1440(vs),
1655(s)
3.5a
vaccenic acid 817(w), 863(m), 889(m), 971(w), 1018(w), 1034(w), 1065(m), 1078(m), 1091(m),
1112(w, sh), 1264(m), 1302(s), 1416(w, sh), 1439(vs), 1655(s)
3.5b
glycerol 392(s), 416(m), 485(s), 548(mw), 675(m), 820(s), 850(vs), 923(m), 976(mw),
1055(vs), 1110(vs), 1257(m, br), 1315(m), 1465(vs)
3.5c
triolein 601(w), 725(w), 852(m), 869(m), 881(m), 971(mw), 1065(m), 1081(m), 1118(mw),
1266(m), 1301(s), 1440(vs), 1655(s), 1743(mw)
3.5d
trilinolein 841(mw), 868(m), 912(mw), 972(m), 1075(m), 1108(mw), 1264(m), 1302(m),
1440(m), 1654(vs), 1743(w)
453.5
trilinolenin 866(m), 969(mw), 1024(mw), 1081(mw,br), 1160(mw), 1266(m), 1302(m), 1441(m),
1640(sh), 1655(vs), 1741(w)
3.5f
Table 3.2: Raman bands and intensities for the fatty acids and fats (very weak bands are not listed)
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cis-vaccenic acid are fluids, and their Raman spectra have thus broader bands compared to the
saturated fatty acids, although all Raman bands are located around the same wavenumber. For
the unsaturated fatty acids (fig. 3.5a, 3.5b) an additional band at 1655 cm-1 appears due to the
ν(C=C) stretching vibrations of the cis carbon-carbon double bond. These acids differ only in
the position of the double bond, so their Raman spectra are highly similar. Only in the
fingerprint region (600-1200 cm-1) some minor differences can be observed. The spectrum of
triolein (glycerol esterificated three times with oleic acid) shows a very similar Raman pattern
compared to oleic acid. Indeed, no contribution of the glycerol spectrum (fig. 3.5c) is
observed in the Raman spectrum of the three fats triolein (fig. 3.5d), trilinolein (fig. 3.5e) and
trilinolenin (fig. 3.5f): the glycerol spectrum shows clear bands at 416 and 485 cm-1, a region
where no bands are present in the spectra of the fats. The most important difference between
the fatty acids (fig. 3.5a, 3.5b) and the fats (fig. 3.5d, 3.5f) is the presence of a weak band at
circa 1743 cm-1 that can be attributed to ν(C=O) stretching vibrations from the ester bonds.
Triolein, trilinolein and trilinolenin consist of glycerol esterified with identical fatty acids
containing respectively one, two and three not-conjugated cis carbon-carbon double bonds.
Consequently the intensity of the ν(C=C) stretching band at 1655 cm-1 increases compared to
the other Raman bands in the spectra fig. 3.5d, 3.5e and 3.5f. Next to some minor changes in
the fingerprint region, it is noteworthy that the relative intensity of the bands at 1265 and
1301 cm-1 is related to the amount of C=C double bonds. These bands can be respectively
attributed to δ(=CH)cis deformations and δ(CH2)n deformations, respectively.
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Figure 3.5: Raman spectra the unsaturated fatty acids (a) oleic acid and (b) cis-vaccenic acid, of
(c) glycerol and the fats (d) triolein, (e) trilinolein and (f) trilinolenin
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3.2 Saccharides
Figure 3.6 and table 3.3 represent the spectra of β-D-glucose and D(+)-dextrose
(α-D-glucose) and some of their dimers and polymers (structures are presented in figure 3.2).
β-D-glucose and D(+)-dextrose only differ in the orientation of the hydroxylgroup at the
anomeric carbon. The spectra of β-D-glucose (fig. 3.6a) and D(+)-dextrose (fig. 3.6d) are
therefore very similar, but can be distinguished from each other in the regions between 1000
and 1200 cm-1 (ν(C-O) and ν(C-C) stretches) and between 1300 and 1500 cm-1 (δ(CH2) and
δ(CH2OH) deformations)(154). The comparable spectra of D(+)-dextrose (fig. 3.6d) and its
dimer D(+)-trehalose (fig. 3.6e) can be distinguished from each other by the shift of an intense
band from 541 to 523 cm-1. This band is associated with exocyclic deformations, while the
band at approximately 405 cm-1 can be assigned to endocyclic deformations(99). The
endocyclic and exocyclic deformation bands in the spectra of β-D-glucose (fig. 3.6a) and
lactose (fig. 3.6b) are subject to large shifts from 405 to 377 cm-1 and from 542 to 477 cm-1
respectively. More bands are observed in the lactose spectrum between 800 and 950 cm-1
(δ(COH), δ(CCH) and δ(OCH) side group deformations), between 950 and 1200 cm-1 (ν(C-O)
and ν(C-C) stretches) and between 1250 and 1500 cm-1 (δ(CH2) and δ(CH2OH) deformations).
This is due to the fact that lactose consists of β-D-glucose and β-D-galactose.
In the spectra of cellulose (fig. 3.6c), amylose (fig. 3.6f) and amylopectin (fig. 3.6g), the
Raman bands are much broader than those in the spectra of their monomers β-D-glucose and
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Figure 3.6: Raman spectra of saccharides: (a) β-D-glucose, (b) lactose, (c) cellulose,
(d) D(+)-dextrose, (e) D(+)-trehalose, (f) amylose and (g) amylopectin
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D(+)-dextrose. Despite the broadening of the Raman bands in the spectra of amylose
(fig. 3.6f) and amylopectin (fig. 3.6g), they resemble the spectrum of their monomer
D(+)-dextrose (fig. 3.6d) in the region between 800 and 1500 cm-1. In the fingerprint-region
below 700 cm-1, intense bands for endo and exocyclic deformations were observed in the
spectrum of D(+)-dextrose (fig. 3.6d), but only one intense band is present in the spectra of
amylose (fig. 3.6f) and amylopectin (fig. 3.6g). The branching in the structure of amylopectin
does not induce many changes in its Raman spectrum compared to that of amylose. However,
Product Raman bands Fig.
β-D-glucose 405(s), 440(m), 542(s), 650(mw), 772(mw), 841(ms), 914(ms), 1002(mw), 1022(m),
1054(m), 1075(ms), 1120(ms), 1149(m), 1272(m), 1296(ms), 1459(m)
3.6a
lactose 377(vs), 399(m), 421(mw), 446(mw), 477(s), 555(mw), 568(w), 633(mw), 648(w),
677(w), 700(w), 782(w), 851(m), 876(m), 900(mw), 916(ms), 953(mw), 1005(mw),
1021(ms), 1031(m), 1041(m), 1053(ms), 1087(ms), 1120(m), 1142(ms), 1168(w),
1222(w), 1261(m), 1296(mw), 1326(m), 1359(m), 1380(m), 1414(w), 1455(mw),
1470(w)
3.6b
cellulose 380(m), 436(w), 458(m), 493(m), 520(mw), 577(mw), 896(m), 969(w), 998(w),
1046(mw), 1061(m), 1096(vs), 1120(s), 1147(m), 1266(mw), 1337(m), 1379(m),
1413(m), 1461(m)
3.6c
D(+)-dextrose (α-D-
glucose)
407(s), 440(m), 541(s), 652(m), 772(m), 841(s), 914(m), 1022(m), 1054(m), 1075(m),
1108(m), 1149(m), 1272(m), 1330(m), 1346(m), 1459(m)
3.6d
D(+)-trehalose 369(s), 407(vs), 430(m), 450(s), 523(vs), 540(s), 580(mw), 604(m), 671(m), 697(m),
732(w), 804(m), 838(vs), 912(vs), 927(w), 957(mw), 1018(m), 1061(m), 1080(m),
1102(s), 1120(vs), 1149(vs), 1211(w), 1220(w), 1240(mw), 1261(mw), 1273(mw),
1313(mw), 1330(m), 1358(vs), 1371(m), 1386(m), 1411(m), 1455(m), 1469(mw)
463.6
amylose 407(m), 442(m), 481(vs), 579(m), 712(w), 758(w), 854(m), 901(m), 936(ms), 944(m),
1045(m), 1083(ms), 1123(ms), 1208(w), 1262(mw), 1267(m), 1339(m), 1379(m),
1460(m)
3.6f
amylopectin 409(m), 439(m), 477(vs), 515(mw,sh), 578(mw), 612(w), 717(w), 762(m), 769(w),
866(m), 905(sh), 940(m), 1051(m), 1082(m), 1109(m), 1127(m), 1264(m), 1339(m),
1378(m), 1460(m)
3.6g
D(+)-mannose 397(s), 426(m), 447(s), 473(ms), 495(s), 530(s), 576(m), 604(m), 621(m), 683(m),
830(s), 861(s), 882(s), 914(m), 934(m), 958(m), 1033(m), 1087(s), 1106(s), 1139(ms),
1239(m), 1263(m), 1352(m), 1369(m), 1459(m), 1481(m)
3.7a
D(+)-fucose 383(w), 440(vs), 383(w), 440(vs), 529(m), 669(m), 700(w), 772(mw), 815(m), 879(m),
964(mw), 1032(mw), 1076(mw), 1088(mw), 1113(m), 1129(m), 1155(m), 1256(m),
1273(m), 1331(m), 1452(m)
3.7b
D(-)-arabinose 406(w), 427(w), 512(mw), 580(m), 613(m), 698(m), 843(vs), 896(mw), 936(mw),
994(m), 1052(m), 1095(m), 1138(mw), 1259(m), 1311(mw), 1356(w), 1476(m)
3.7c
D(+)-xylose 410(m), 428(s), 504(m), 526(s), 565(m), 608(m), 757(mw), 903(vs), 930(m), 1017(mw),
1086(s), 1115(s), 1148(mw), 1315(mw), 1340(m), 1374(m), 1398(m), 1468(mw)
3.7d
D(-)-fructose 401(w,sh), 420(s), 463(m), 526(m), 595(m), 626(vs), 818(s), 872(s), 925(w), 978(m),
1048(m), 1060(w), 1082(m), 1143(w), 1176(w), 1250(w), 1265(s), 1340(w), 1399(w),
1455(w), 1471(m)
473.7
D(+)-galactosamine 378(m), 421(m), 462(m), 530(vs), 606(mw), 657(w), 704(w), 776(w), 822(w), 872(vs),
887(m), 938(m), 948(m), 999(mw), 1020(m), 1038(mw), 1062(m), 1094(m), 1121(m),
1143(m), 1153(m), 1238(m), 1267(vs), 1318(w), 1336(m), 1369(mw), 1386(m),
1452(mw), 1468(w), 1514(mw), 1588(w), 1616(w)
3.8a
N-acetyl-D-
glucosamine
416(m), 463(w), 481(m), 513(s), 527(m), 554(m), 578(s), 630(mw), 698(w), 790(m),
865(m), 916(mw), 929(m), 973(vs), 1002(m), 1020(m), 1039(m), 1091(m), 1126(s),
1151(m), 1206(w), 1257(m), 1279(m), 1292(mw), 1321(m), 1330(m), 1361(m),
1380(m), 1432(m), 1473(m), 1552(m), 1627(m)
3.8b
chitin 366(m), 396(m), 460(m), 498(m), 711(mw), 895(m), 955(m), 1059(m), 1107(s),
1149(m), 1205(mw), 1262(m), 1328(m), 1371(m), 1414(m), 1449(mw), 1626(m),
1656(m)
3.8c
Table 3.3: Raman bands and intensities for the saccharides (very weak bands are not listed)
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the spectrum of cellulose (fig. 3.6c) does not resemble the spectrum of its monomer
β-D-glucose (fig. 3.6a).
The spectra of five other monosaccharides are shown in figure 3.7. Except for D(+)-
mannose, they can also appear in a furanose structure instead of a pyranose structure. For
D(+)-mannose, we noticed sample inhomogeneity and so the average spectrum contains many
bands of relatively low intensity (fig. 3.7a) and is hard to compare with the spectra of the other
monosaccharides. D(+)-fucose (fig. 3.7b), D(-)-arabinose (fig. 3.7c) and D(+)-xylose
(fig. 3.7d) differ only in a modification of the CH2OH group, but their Raman spectra are
clearly different from each other and from the spectrum of β-D-glucose.
Figure 3.8 presents the Raman spectra of three nitrogen-containing saccharides. For
D(+)- galactosamine (fig. 3.8a) many shifts can be observed compared to the spectrum of
β-D-glucose (fig. 3.6a), which are caused by the amino group and the change of a
stereocenter. The most prominent band, compared to other monosaccharides, is the intense
band at 1267 cm-1, which is situated in the region of ρ(NH2) rocking and δ(NH2) twisting
vibrations(134). For N-acetyl-D-glucosamine (fig. 3.8b), the presence of the amide group
induces a much more complex Raman spectrum compared to β-D-glucose (fig. 3.6a). The
band at 1627 cm-1 is typical for the ν(C=O) stretch of an acetyl amide(79). The spectrum of
chitin (fig. 3.8c) shows broader bands than the spectrum of its monomer
N-acetyl-D-glucosamine (fig. 3.8b).
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Figure 3.7: Raman spectra of saccharides: (a) D(+)-mannose, (b) D(+)-fucose, (c) D(-)-arabinose, (d)
D(+)-xylose and (e) D(-)-fructose
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4 Conclusions
Different types of biological molecules (fats, fatty acids and saccharides) are
investigated using Raman spectroscopy. Although there can be a high similarity between the
spectra of the pure compounds, this tool of analysis is able to distinguish these groups of
molecules in bio-organisms and discriminate between individual compounds. The spectra of
fatty acids can be recognized by three intense bands between 1000 and 1200 cm-1 and bands at
around 1296 and 1440 cm-1. For fats the most prominent bands are those at approximately
1265, 1302, 1440 and 1655 cm-1. Saccharide spectra are characterised by a lot of features in
the regions between 1000 and 1200 cm-1 and between 1300 and 1500 cm-1. The non-
destructive nature of Raman spectroscopy, the sharp bands in the spectra and the limited
sample preparation create opportunities for the analysis of biomaterials. By using this database
of reference spectra, complicated spectra could be analysed.
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Figure 3.8: Raman spectra of nitrogen containing saccharides: (a) D(+)-galactosamine,
(b) N-acetyl-D-glucosamine and (c) chitin
PART II:
RAMAN SPECTROSCOPIC STUDY OF
MACROFUNGI
CHAPTER I:
Materials and methods
Part I presented the literature study and focussed on the theory and introduction into
Raman spectroscopy and mycology. Part II discusses the results of the Raman spectroscopic
studies on spores of Basidiomycetes (chapter II and III) and Lactarius latex (chapter IV). This
chapter presents the materials and methods that are common to the different studies for the
second part of this thesis, including the samples, sample collection and Raman spectra of
different tissues of Lactarius species. In addition, two chemometric techniques, that play key
roles in the performed research, namely extended multiplicative scatter correction (EMSC)
and 2D correlation analysis, are discussed in detail. 
1 Introduction
This chapter gives additional information on the materials and methods used in this part
and introduces the major genera of macrofungi that were used in the performed studies.
Applications of Raman spectroscopy for higher basidiomycetous fungi are developed.
Biomaterials have a complex chemical composition which might be easily altered by external
influences (such as UV-radiation, heat or drought). Because of the chemical composition of
the specimen under investigation is probed, special care has to be taken to minimize
interference that might not be observed in morphological studies. Therefore, only fresh
specimen (see section 2) were collected and no herbarium material was used.
Chapter III discusses the taxonomic relevance of Raman spectroscopic analysis of
spores of Basidiomycetes. Taxonomy in general divides organisms in groups, where specimen
belonging to the same taxonomic group possess similar characters. Differences in the
characters are linked to species formation and are thus used to build a hierarchy in taxons.
Phylogeny probes nucleic acid sequences (molecular genetic tools), whereas chemotaxonomy
analyses for example the fatty acid composition (e.g. fatty-acid-methyl-esterification or
FAME analysis). Raman spectroscopy can be used for chemotaxonomic purposes(69, 84, 85, 121)
and probes overall cell composition. In the ideal situation, collected signals show no
intraspecies variation. In real situations, species could be characterised by the chemical
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a
 in the context of chemistry statistics is called chemometrics
composition of a tissue or cell as long as the intraspecies chemical composition is low
compared to the interspecies variation. Before chemotaxonomy of spores of Basidiomycota is
discussed in chapter III, an explorative overview of Raman spectra of different tissues in
Lactarius species is given below in section 3, while the collection of spore prints is discussed
afterwards.
Next to taxonomic research, fast analysis and reaction monitoring are other
opportunities of Raman spectroscopy for research on macrofungi. Species in the genus
Lactarius release an exudate when they are bruised. Starting from a single fatty acid precursor,
a complex mixture of sesquiterpenes is formed in minutes to hours after release(60). This latex
must be analysed (part II chapter IV) as soon as possible after collection of the fresh specimen
(preferably on the collection day).
Collection of the spectra is generally followed by statistical analysisa of the dataset.
Techniques are explained in the appropriate chapters if possible, while others (e.g. principal
component analysis (PCA), linear discriminant analysis (LDA), autoscaling, etc.) are
considered as well-known techniques. 2D correlation analysis and extended multiplicative
scatter correction (EMSC) are two chemometric techniques that gain importance in the
spectroscopic analysis of complex materials and were used in this work. These techniques are
explained in section 5 on page 61.
2 Samples
In this section, an overview is given of the different genera of Basidiomycota that were
examined in this part. These genera have all white to pale spores as there is a risk that bright
coloured spores could be damaged when irradiated with an intense red laser (785 nm). Genera
represented by common species and belonging to three different not closely related families
were selected: Hydnangiaceae, Russulaceae and Tricholomataceae.
2.1 The genus Lactarius
The genus Lactarius is a cosmopolitan genus of
about 400 species described to date(150). Together with
Russula, it is one of the major genera in the family
Russulaceae. Several Lactarius species are popular and
collected in several regions of the world as a human food
source. It is thus an economically important genus. The
genus Lactarius is important from an ecological viewpoint
as well, because of its ectomycorrhizal habit with specific
Taxonomy(74)
Kingdom Fungi
Division Basidiomycota
Class Basidiomycetes
Subclass Agaricomycetidae
Order Russulales
Family Russulaceae
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hosts(55, 60). Ectomycorrhiza are mutual relationships between fungi and host plants. The
fungus is specialised in absorbing nutrients from the soil, which the host plant (often a tree) is
unable to use. The fungus absorbs an excess of these nutrients (including PO43-, NO3-, etc.) and
exchanges them with the host for sugars as a food stock. Hosts for Lactarius species include
trees belonging to the Pinaceae, Fagaceae, Dipterocarpaceae and Caesalpiniaceae.
Distinctive characters of this genus are for instance, the wide range of colours(60). The
large (several centimetres wide) basidiocarps have dull to bright colours, ranging from white
(e.g. L. piperatus (L.) Pers.), orange (L. aurantiacus (Pers.) Gray), pink with lilac (L. uvidus
(Fr.) Fr.) or red-orange (L. deterrimus Gröger) to even brown (L. hepaticus Plowr.). Some
species always have a similar colour whereas the colour of other species can be variable (e.g.
L. quieticolor Romagn.). The cap can be zonated (e.g. L. zonarius (Bull.) Fr.) whereas the
stipe has a similar or slightly paler colour. The stipe may have scrobicules (e.g. L. deliciosus
(L.) Gray) which is a character often used in taxonomic keys(60). The spore print is generally
white or pale. Spores of Lactarius species have an amyloid ornamentation of which the shape
and presence are very important for microscopic determination. Another important character
of this genus is that all species exude a typical milky fluid as illustrated in figure 1.1 for
L. vellereus (Fr.) Fr. It can be transparent (e.g. L. helvus (Fr.) Fr.) or creamy (L. controversus
(Pers.) Pers.) and the colour diversity of the latex is comparable to the colour diversity of the
basidiocarps: latex colour ranges from white (e.g. L. piperatus), orange (L. salmonicolor R.
Heim & Leclair) and red (L. deterrimus) over lilac (L. uvidus) to gray-green (after a while in
the case of e.g. L. blennius (Fr.) Fr.). The latex may taste mild or acrid and when this latex is
secreted, reactions occur in the latex which are typical for each species. These chemical
reactions can alter the latex colour (for example from white to yellow in the case of
L. chrysorrheus Fr. and L. scrobiculatus (Scop.) Fr.) or taste (for example L. picinus Fr.
becomes acrid after a few minutes).
Figure 1.1: Lactarius vellereus, arrows indicate some
drops of the specimen’s white latex
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Specimen of this genus have been chosen as a main research object. Primary reasons are
the taxonomic experience in the mycological lab as well as the presence of the latex which is
ideal for testing the ability of Raman spectroscopy for reaction monitoring.
2.2 The genus Russula
Russula is a genus of ectomycorrhiza forming
Basidiomycota with about 750 species known worldwide.
It is the sister genus of the genus Lactarius in the family
Russulaceae and both genera share many characters.
Basidiocarps lack a volva or partial veil, are fairly large
(several centimetres wide) and are often brightly coloured.
Pilei and lamellae are very brittle and often break easily
because of the heteromerous trama (containing
shaerocytes). Russula species have a white to dark yellow
spore print, while the amyloid spore ornamentation is also
important for microscopic determination. This genus also contains a lactiferous hyphal system
(as is the case for Lactarius), which has become inactive during the evolution of the species in
this genus and hence no latex is visible. The stipe breaks easily on a single rough plane when
little force is used (fig. 1.2). Taste of the context ranges from mild to bitter or acrid. All mild
tasting species are edible and no Russula species is deadly poisonous.
2.3 The genus Laccaria
Laccaria is a relatively small genus of mycorrhiza forming mushrooms, especially with
young trees(50). Basidiocarps are hygrophanous and relatively small, with a pileus diameter of
1-5 cm and a height of 6-8 cm (figure 1.3). The colour of their basidiocarp ranges from lilac
Taxonomy(74)
Kingdom Fungi
Division Basidiomycota
Class Basidiomycetes
Subclass Agaricomycetidae
Order Russulales
Family Russulaceae
Figure 1.2: Russula aeruginea, the right specimen
illustrates the easy breaking of the stipe
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(e.g. L. amethystea) to flesh colour (L. laccata). Lamellae are thick and usually remarkably
distant. Spore prints are white, the spores are ornamented and not amyloid.
2.4 The genus Collybia
Collybia is a genus of medium-large saprotrophic
Basidiomycetes(50). Basidiocarps are dry to fatty and
sometimes hygrophane. Collybia species are sometimes
white, but often brown (figure 1.4). Lamellae of Collybia
species are typically free and often very dense. Spore prints
are generally white, while the spores are inamyloid, have
no ornamentation at all and are mostly round or ellipsoid.
The genus is heterogenous and characterized by a large
Taxonomy(74)
Kingdom Fungi
Division Basidiomycota
Class Basidiomycetes
Subclass Agaricomycetidae
Order Agaricales
Family Hydnangiaceae
Figure 1.3: Laccaria laccata, picture by Jacky Launoy
Taxonomy(74)
Kingdom Fungi
Division Basidiomycota
Class Basidiomycetes
Subclass Agaricomycetidae
Order Agaricales
Family Tricholomataceae
Figure 1.4: Collybia confluens, picture
by Jacky Launoy
Figure 1.5: Mycena epipterygia
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diversity of the pileipellis structure. However, in this study we consider the species in a broad
sense and follow the accepted concept of species delimitation.
2.5 The genus Mycena
Mycena is a genus of quite small macrofungi as they
are generally less than 2 centimetres in width(50), see for
example figure 1.5. Species are saprotrophic and most are
grey to brown, although others are brighter (e.g.
M. crocata). The basidiocarp consists of a long and thin
stipe, that sometimes contains an exudate, bearing a
conical or bell-shaped pileus. The spore print is white and
spores may be amyloid. Taxonomy is complex and often
microscopic investigation is needed for complete species
identification. An example of this complexity is the
difference between Mycena pura (variable macromorphology but recognisable by its typical
smell) and Mycena rosea (pileus is pink and the sporocarp is a little bigger than M. pura)(50).
These two species can also be identified by using chemicals, but it was observed that the
specimen’s colour can change after collecting from slightly white-lilac (M. pura) to pink
(M. rosea) (personal observation).
3 Raman spectra collected from tissues of Lactarius species
Raman spectra of several tissues of Lactarius species were collected. Different tissues
have different biological functions and to fulfill these different biological roles, other
metabolites are necessary. The Raman spectra can therefore have totally different shapes.
Because many spectra of a single tissue seemed variable, the presented spectra are only
included for illustration. For example, the Raman bands of a pileus spectrum (figure 1.7) are
well resolved, although the spectrum is noisy. As the majority of Raman bands can be
attributed to unreacted Lactarius controversus latex (figure 1.6), it is a Raman spectrum of
latex hyphae which are part of the chemical defence system(138). Differences between the
pileus spectrum and the latex spectrum can be observed in the shape of the Raman bands
between 1200 and 1400 cm-1 and the presence of a Raman band around 1600 cm-1. This
indicates the potential of Raman spectroscopy for the study of fungal tissues, but the spectra
of fresh specimen were sometimes highly variable and thus not suitable for chemotaxonomic
determinations.
The potential of Raman spectroscopic tissue analysis was also observed in the latex
spectrum of reacted latex on a damaged stipe (figure 1.8). The pattern formed by the Raman
Taxonomy(74)
Kingdom Fungi
Division Basidiomycota
Class Basidiomycetes
Subclass Agaricomycetidae
Order Agaricales
Family Tricholomataceae
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bands between 1060 and 1130 cm-1 and around 1300 cm-1 is characteristic for unsaturated fatty
acids. Other bands that can be seen in the spectra of pure reacted Lactarius latex are also
observed around 893 cm-1 as well as the pattern of Raman bands at 1421, 1440 and 1459 cm-1
(δ(CH) bending vibrations). The Raman spectroscopic analysis of Lactarius latex is explained
in more detail in chapter IV, part II.
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Figure 1.6: Raman spectrum of unreacted L. controversus latex
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Figure 1.7: Raman spectrum of a L. controversus pileus
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The Raman spectrum of the outer layers of the pileus is often totally different
(figure 1.9) from the pileus spectrum in figure 1.7. The bands are not well resolved (and thus
not suitable for chemotaxonomy). The spectrum is mainly composed of broad features
centered around 413, 520, 978, 1090, 1355, 1446 and 1650 cm-1.
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Figure 1.8: Raman spectrum of reacted latex on a damaged L. controversus stipe
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Figure 1.9: spectrum of the outer layers of a L. controversus pileus
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The hymenium of Basidiomycota is located on the lamellae (for example for Agaricales)
or in the pores (for example for Boletales). This hymenium is microscopically a very rough
surface. The basidia which bear the spores are directly connected to the underlaying tissues of
the sporophore. Spectra of basidia are therefore comparable to the pileus spectrum in
figure 1.7. Figure 1.10 represents the spectrum of an unripe spore on a lamellum of a
L. controversus specimen. Clearly visible are the intense features around 1266, 1300, 1440
and 1655 cm-1 which are typical for unsaturated lipids. This is explained in more detail in
part II, chapter II.
In contrast to the previous cases, collecting of Raman spectra of basidiomycetous spores
(see e.g. figure 1.11) is repeatable and reproducible. It is known that spores have a low
intraspecies variation in chemical composition(9). A higher signal to noise ratio is as well
obtained (as can be observed by comparing figure 1.10 with figure 1.11) when spectra are
collected starting from ripe spores in a spore print. Practically, collection of spectra is also
easier compared to the analysis of spores on the hymenium. Basidiomycetous spores are thus
an excellent candidate for chemotaxonomical investigations using Raman spectroscopy. They
can be seen as almost non-living cells, which means that cell composition is not significantly
altered during storage. Spores could therefore be stored for several months prior to
spectroscopic analysis (part II chapters II and III).
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Figure 1.10: spectrum of a spore on a L. controversus lamellum
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4 Collection of spore prints
Spore prints are essentially an aggregation of
spores, which can be harvested from adult
basidiocarps. Fresh basidiocarps release their
spores continuously and collection does not require
special manipulations. For spore collection, the
pileus is cut from the stipe which is subsequently
laid overnight on a flat surface. Traditionally spore
prints, whose colour is often a taxonomic
character(50), are collected on a sheet of paper. The fine details of the lamellae which bear the
hymenium, could be observed afterwards and look like an exact copy or print of the lamellae
(hence the name spore print). In this research project, spores are collected on microscope
slides, wiped together and stored between these slides for practical reasons (figure 1.12).
Since the spore prints were used for chemical analysis, they have to be as pure and clean
as possible and storage conditions should reduce alteration of the chemical composition,
which is not as much an issue for micromorphological investigations. Important sources of
contamination, however, are the natural conditions: the presence of soil particles, small pieces
of leaves, dust, etc. Thus, specimen collected in the field should never be mixed in the same
container for transport to the lab and the top of the pileus should not be at the bottom of the
container to prevent accumulation of soil particles between the lamellae. In addition, direct
contact of the pileus with the microscope slides or the sheet of paper may release or spread
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Figure 1.11: Raman spectrum of a L. deterrimus spore
Figure 1.12: storage of pore prints between
microscope slides
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exudates  from the fungus body over the spore print. This
is especially the case when pilei are concave (as is the
case for many Amanita species) or when the stipe can
easily bend or break (e.g. Mycena species). If necessary,
toothpicks are therefore used to create some space
between the microscope slide and the pileus (see
figure 1.13).
The colour of spore prints sometimes changes within a few days. This effect was
particularly observed for species belonging to the genera Amanita, Hygrocybe and
Tricholoma. For example, some Amanita spore prints turned yellow after several minutes to
days from the moment the spore print was kept between two microscope slides. For
Tricholoma species, spore prints sometimes became semi-transparent instead of white.
Moistening of the spore print by the fungus body (when the spores are collected) is thought to
be the reason of the colouration effect. Spore prints are therefore put in a desiccator before
storage.
5 Chemometric analysis
Statistical analysis of the collected spectra is almost always performed. Mathematical
data processing algorithms such as principal component analysis (PCA) and linear
discriminant analysis (LDA), autoscaling and standard normal variate (SNV) preprocessing
are considered as well-known techniques. A good resource covering these techniques is the
Handbook of Chemometrics and Qualimetrics by Massart et al.(146), whereas Savitsky-Golay
derivation and smoothing is discussed by Savitsky and Golay(127). Such mathematical
processing of the spectra serves two purposes: the extraction of the interesting information as
well as the removal of side effects.
In general, the collected signal is not pure and contains unwanted effects. These effects
can be categorised in two groups: multiplicative and additive interference. Multiplicative
interference is in general due to external factors, such as a drift in the collection efficiency of
the analytical instrument. The net result is that the signal (or a part of it) is more intense or
weaker than expected. This is illustrated in figure 1.14. Both spectra are identical, except the
addition of simulated multiplicative interference in the gray spectrum. In confocal Raman
spectroscopy, this effect is mainly due to changes in focus between samples or spectral
collection points, differences in particle sizes as well as a drift in signal collection efficiency.
 Additive interference means that an extra contribution appears in the collected signal of
which the intensity is independent of the pure signal. This unwanted signal is a surplus, hence
the name additive interference. Different forms may exist, such as a rising or decreasing
baseline, the presence of ghost bands, a broad signal of the container holding the sample or the
presence of bands from an unwanted compound. Two examples of additive interference are
Figure 1.13: schematic overview op spore
print collection: a = toothpick (optional),
b = microscope slide, c = pileus, d = stipe
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presented in figure 1.15. The gray spectrum has an offset and contains an extra band at
600 cm-1 as well as a broad background band centred at 1350 cm-1 compared to the pure
analyte signal (black spectrum).
EMSC preprocessing simultaneously eliminates multiplicative and additive (background
correction) interferences in the spore spectra prior to chemometric identification. This
technique was applied on spore spectra prior to chemometric identification. 2D correlation
analysis is another mathematical processing technique that is generally applied for the analysis
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Figure 1.14: multiplicative interference: the black spectrum is the original spectrum
whereas the gray spectrum is identical, but subject to multiplicative interference effects
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Figure 1.15: additive interference: the black spectrum is the pure spectrum, whereas the
gray spectrum is identical, but with additive interference
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b
 In this section, spectra are considered to be column vectors and each column in a dataset
(or matrix) is considered to be a single spectrum
of phenomena that could be related to a controllable external factor such as time or
concentration. It is therefore especially suited for the analysis of Lactarius latex spectra and is
discussed below.
In the following sections a mathematical description is given. Datasets are represented
by matrices. A superscript T means that the preceding matrix is transposed. Numbers are
formatted in italics, single spectra (vectors) are formatted as boldface letters, while
multidimensional matrices (full dataset) are represented by boldface capitals.
5.1 EMSC preprocessingb
a) Mathematical treatment of spectra
In spectroscopy, each chemical component in a mixture has a contribution to the final
spectrum S. When two chemical components with spectra s1 and s2 do not interact and when
the output of the spectrometer is linear (as is generally the case), the collected signal is the
sum op the signals of the pure compounds. Thus the collected spectrum can be considered as
the sum of the spectrum of each component in the mixture:
s = s1 + s2 (1)
However, the contribution of each component to the mixture composition is directly
related to signal intensity. This equation can be therefore generalised as (where aj is the
fraction of a compound in the mixture):
s = a1 s1 + a2 s2 (2)
s = aj sj (3)
j 1
2
=
∑
When there are n compounds in the sample, equation 3 becomes:
s = aj sj (4)
j 1
n
=
∑
In matrix notation this results in:
s = S a (5)
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In equation 5, the vector a has n columns and matrix S is composed of n rows and m
columns (number of spectral channels of the instrument’s detector). This is the ideal situation,
without interference effects. When the quantum efficiency of the spectroscopic process that is
probed is not equal for the different compounds j in the sample, the contribution aj sj of each
compound j is multiplied by a factor bj. For example when the efficiency of the spectral
transition for the first compound (with spectrum s1) in a binary mixture is twice the efficiency
of the second compound (with spectrum s2) than b1 is equal to 2 b2. Equation 4 therefore
results in:
s = aj bj sj (6)
j 1
n
=
∑
However, both aj and bj are real numbers, so they can be represented by one
concentration factor cj, which is the multiplication of aj and bj. The factor cj (that takes the
quantum efficiency of the spectroscopic process into account) thus represents the
concentration or amount of product j in the mixture. Thus, sj is the component’s pure
spectrum of a standard concentration:
s = cj sj (7)
j 1
n
=
∑
s = S c (8)
Equation 8 represents Beer’s law in matrix notation in which a spectrum s of a sample is
analysed under ideal conditions.
b) Mathematical modelling of spectra
EMSC preprocessing(89, 90) is part of a family of algorithms which model the collected
spectra indirectly: instead of the spectra, the spectral differences relative to a certain reference
spectrum are modelled. Some sort of relative concentrations dj replace the concentration
factors cj in equation 7 for a sample i:
di,j = c0,j - ci,j (9)
Where c0,j is the concentration factor cj of the reference spectrum and ci,j is the
concentration factor of spectrum I in equation 7. Suppose that z0 is an appropriate reference
spectrum for EMSC preprocessing, then equation 8 for spectrum I in the complete dataset can
be rewritten as:
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si = S ci (10)
si = z0 + S di (11)
c) The EMSC equation
Extended multiplicative scatter correction is not a single algorithm or mathematical data
processing method. Instead, EMSC preprocessing should be seen as a flexible methodology in
which a mathematical model is built that adequately models the analysed mixture and its
relevant effects(89, 90). 
Multiplicative interference (as represented in figure 1.14) results in a higher or lower
intensity over the whole spectral range. Mathematically, spectral vector si is multiplied by an
interference factor bi. However, additive interference (as represented in figure 1.15) leads to a
random background. In matrix notation a straight baseline is modelled by the addition of a
constant vector ai 1 (1 is the unity vector). This leads to the mathematical model of analysed
mixture:
zi = si bi + 1 ai + ei (12)
where ei is the error for building the mathematical model and zi is the preprocessed
spectrum. The combination of equation 11 and 12 results in:
zi = (z0 + S di)bi + 1 ai + ei (13)
zi = z0 bi + S di bi+ 1 ai + ei (14)
zi = z0 bi+ S ki+ 1 ai + ei (15)
where:
ki = di bi (16)
The flexibility of EMSC-preprocessing is found in the term S di bi, which contains the
contributions of the analytes as well as interfering compounds in the sample. In extension,
other chemical effects, such as spectral differences due to absorption, can be modelled using
additional S di bi terms. 
Moreover, other terms can be included in these equations to model physical effects other
than multiplicative effects. For example, where the relation between analyte and detector
response of the analytical instrument is generally linear, non-linearity may occur at the
extremes of the instrument’s usability range. Such non-linearity is dealt with by higher order
terms of si in equation 12 or higher order terms of S in equation 13, such as li S2, as was
applied by Pedersen et al. for the related Extended Inverted Signal Correction method(114). A
second example involves the addition of wavelength dependent ei λ and fi λ2 terms in the
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cconcatenation means joining two matrices by placing the columns of the second matrix
after those of the first matrix
d
 In this section, spectra are considered to be row vectors and each row in a dataset (or
matrix) is considered to be a single spectrum
equations 13 to 15 to correct for small and smoothly wavelength dependent effects. This was
performed by Decker et al. who modelled water absorption effects due to different
temperatures and wavelength dependent effects in NIR spectra of Penicillium camembertii
mycelium(28).
The unknown parameters bi, ki, ai, ei and zi in equation 15 are calculated by a
multivariate least squares fit. Let the notation [p q r] be the concatenated matrixc of the
vectors p, q and r, than the least squares fit is(146):
[bi ki ai] = ([z0 S 1]T [z0 S 1])-1 [z0 S 1]T zi (17)
Finally the calculated parameters bi, ki (which is bi di) and ai are used to calculate the
corrected spectra si from equation 11.
5.2 2D correlation analysisd
Scientists who monitor spectral modifications due to for instance chemical reactions or
other time related phenomena, have to deal with different types of effects. Band intensities
often change in the spectra and while the band’s shape may be altered as well. Raman spectra
of Lactarius fluens latex in the region 1000 till 1400 cm-1 are presented in figure 1.16. The
intensity of a Raman band is directly related to the type and amount of functional groups in
the irradiated sample for which the Raman band is characteristic. The Raman bands around
1063, 1104, 1130 and 1296 cm-1 show an increasing intensity and are therefore characteristic
for functional groups that are formed, while those around 1082 and 1304 cm-1 are decreasing
in intensity and thus represent groups which are disappearing. In complex spectra such
spectral analysis, including the relations between affected bands, can be difficult to perform.
This is especially the case when spectral differences are small, such as at 1170 cm-1 (marked
with the dashed line) in the example.
All types of spectral differences (band formation, band disappearance or changes in
band shape) can be related to modifications in spectral intensity. The actual modifications can
be observed by observing the similarities for each and between each spectral channel.
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Mathematically this similarity is expressed in the covariance or correlation (of the intensities)
between two spectral channels at each moment(88, 105). Suppose there are two vectors a and b,
than:
covariance (a, b) = cov (a, b) = (18)(a a)(b b ) / (n 1)j j
j 1
n
− − −
=
∑
correlation coefficient = ra,b = cov (a, b)/(sa sb) (19)
with:
n: the length of the vectors a and b
: the average value of vector aa
: the average value of vector bb
sa: standard deviation of a
sb: standard deviation of b
2D correlation analysis objectively analyses the spectral changes in a dataset and results
in two complementary signals: the 2D synchronous and 2D asynchronous spectrum. The
synchronous 2D spectrum is calculated by calculating the covariance between each pair of
spectral channels. Suppose that a and b are the intensities of the different ordered spectra in a
dataset Y at spectral channels ν1 and ν2, than equation 18, which represents the 2D
synchronous intensity Φ, becomes:
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Figure 1.16: Raman spectra of Lactarius fluens latex, spectra are offset and
consecutive: first spectrum is the lowest spectrum, while the top spectrum is the last; the
dashed line marks the spectral band at 1170 cm-1
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Φ(ν1,ν2) = (20)
1
n 1
y ( )  y ( )j 1 j 2
j 1
n
−
⋅
=
∑ ~ ~ν ν
Φ(ν1,ν2) = (21)
1
n 1
( )  ( )T 1 2
−
⋅
~ ~y yν ν
The symbol  in equations 20 and 21 represents the dynamic spectra obtained from the~y
dataset Y. These dynamic spectra are obtained by the subtraction of a reference spectrum
(often the average spectrum of the dataset) from all spectra. Equations 20 and 21 are only
valid when the spectra are evenly spaced (e.g. the time frame between two collected spectra is
always equal); for unevenly spaced data, one has to correct for differences in interval width.
Next to the n spectra that are used to calculate the 2D synchronous spectrum, two extra
spectra have to be collected outside the window used (that ranges from t1 to tn). The
corresponding moments in time are called t0 and tn+1. In general, one performs 2D correlation
analysis and defines that the first spectrum is collected at t0 and the last spectrum at tn+1. The
average spectrum used to calculate the dynamic spectra in the case of unevenly spaced data~y
is:
(22)y v
y v t t
t t
j j j
j
n
j j
j
n( )
( ) ( )
( )
=
⋅ −
−
+ −
=
+ −
=
∑
∑
1 1
1
1 1
1
and equation 20 becomes:
Φ(ν1,ν2) = (23)
1
2(t t ) y ( )  y ( ) (t - t )m 1 j 1 j 2 j+1 j-1j 1
n
−
⋅ ⋅
=
∑ ~ ~ν ν
Figure 1.17 presents the 2D synchronous spectrum calculated with this algorithm of the
example given in figure 1.16. There are two different regions in a 2D spectrum: where the
autocorrelation spectrum on the diagonal (figure 1.18) indicates the relation between time and
spectral modifications at a given Raman shift, the off-axis points indicate the relation between
spectral modifications at two positions in the spectrum. Analysis of a 2D synchronous
spectrum starts with the study of the autocorrelation spectrum, as this indicates the signals of
interest. The higher the intensity, the higher the autocorrelation and the more the spectrum is
modified at a given position during the measurements. The synchronous spectrum in
figure 1.17 is symmetric relative to the diagonal, as can be proven mathematically by
interchanging ν1 and ν2 in equation 1.17.
69
Further important information can be deduced from the off-axis signals, as the sign
represents the type of correlation between two spectral channels. When the correlation
(represented by a colour scale) is positive, the feature at position (x,y) indicates that the
intensities at position x and y in the spectrum change in the same direction. A negative
correlation, however, indicates that the intensity at one position rises whereas the intensity at
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Figure 1.17: 2D synchronous spectrum of the spectra in figure 1.16
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Figure 1.18: autocorrelation spectrum or signal on the diagonal of the 2D synchronous
spectrum in figure 1.17
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the other position in the spectrum decreases. The study of the signal on a vertical line (referred
to as slice spectrum in the literature) in the synchronous spectrum, thus gives a simple
graphical interpretation of all spectral changes related to a single band. For example, it is clear
(figure 1.16) that the intensity around 1063 cm-1 rises over time. As the correlations are
positive at (1063, 1104) cm-1, (1063, 1130) cm-1 and (1063, 1296) cm-1, the intensities at 1104,
1130 and 1296 cm-1 rise too. At the contrary, the intensities at 1082 and 1304 cm-1 decrease,
indicated by negative correlations at (1063, 1082) cm-1 and (1063, 1304) cm-1. Furthermore,
the size of the features in the synchronous 2D spectrum, also indicates the window of the
spectral changes and the shape of the bands in this region (see for example the broad feature
between 1300 and 1310 cm-1).
Next to the 2D synchronous spectrum, 2D correlation analysis also provides the
sequence of spectral changes in the form of the complementary 2D asynchronous spectrum.
This asynchronous spectrum contains all spectral information that is not present in the
synchronous spectrum. The synchronous and asynchronous spectrum do not contain duplicate
information: they are orthogonal (integral of product of the vectors is 0). In the past, 2D
correlation spectra were calculated by using the fast Fourier transform(105). However, in 2000
Isao Noda introduced an algorithm based on the Hilbert transform to calculate the 2D
asynchronous spectrum, which is usually computationally more efficient(103, 104):
For evenly spaced data:
Ψ(ν1,ν2) = (24)
1
n 1
y ( )  z ( )j 1 j 2
j 1
n
−
⋅
=
∑ ~ ~ν ν
For unevenly spaced data:
Ψ(ν1,ν2) = (25)
1
2(t t ) y ( )  z ( ) (t - t )m 1 j 1 j 2 j+1 j-1j 1
n
−
⋅ ⋅
=
∑ ~ ~ν ν
with:
: the Hilbert transformed spectra which are orthogonal to the original dataset.~z
Ψ: the asynchronous intensity
 is the value of the ν2th spectral channel of the jth spectrum and is calculated as:~z ( )j 2ν
(26)~ ~z ( ) =  N y ( )j 2 jk k 2
k=1
n
ν ν⋅∑
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The calculation of Njk depends on the type of data:
For evenly spaced data: (27)N
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The sequential order of spectral events can be determined by analysing the signs of the
asynchronous signals(105). For example a positive cross-peak at (x, y) cm-1 indicates that the
spectral changes at x cm-1 occur mainly before the spectral changes at y cm-1. On the contrary,
a negative asynchronous cross-peak at (x, y) cm-1 indicates that the spectral modifications at
y cm-1 precede those at x cm-1. This sequence is reversed if the corresponding signal at (x,
y) cm-1 in the 2D synchronous spectrum is negative.
The asynchronous spectrum, calculated with equation 25, is given in figure 1.19. As can
be seen in the figure, asynchronous spectra are antisymmetric with regard to the diagonal.
Using the given rules, the following sequential order can be determined (“<“ means before):
1173 < 1370 < 1296 < 1104 < 1063 < 1130 < 1082 < 1304 < 1205 cm-1.
Characteristic for this mathematical method is the objective and quantitative analysis of
the spectra compared to direct observation of the spectra (for which no quantitative results on
spectral changes are possible). In addition, the information in the spectra is spread over two
dimensions, which results in spectral resolution enhancement of overlapping bands(105). In
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Figure 1.19: 2D asynchronous spectrum of the spectra in figure 1.16
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contrast to these advantages, the asynchronous spectra can be quite susceptible to spectral
noise, which could render the asynchronous spectra useless(7). Further special attention must
be given to the choice of the reference spectra (that are subtracted from the whole dataset prior
to 2D correlation analysis)(22, 142) and the spectral preprocessing prior to 2D correlation
analysis(126, 142), which have a high impact on the results. As was reported in several
publications(21, 51, 98), different types of spectral events (such as change of intensity, band
shifting, formation or disappearance of a band or shoulder, etc.) result in different patterns in
synchronous and asynchronous spectra. It was reported that the type of the spectral event
could be determined through analysis of 2D patterns, which is often difficult in classical
spectral analysis.
2D correlation analysis thus provides a relatively simple graphical overview of the
spectral modifications in an experiment if applied correctly. The technique is generally
applicable on infrared(IR)(41, 160), near infrared(NIR)(23) and Raman spectroscopy(81, 159) as well
as for example fluorescence(46, 100), X-ray fluorescence (XRF)(105), ultraviolet-visual light
spectra (UV-VIS) and chromatography(105).
CHAPTER II:
Raman-spectroscopic study of Lactarius
spores (Russulales, Fungi)
Based on the paper: De Gussem K., Vandenabeele P., Verbeken A. and Moens L. (2005). Raman spectroscopic study
of Lactarius spores (Russulales, Fungi). Spectrochimica Acta A, 61(13-14): 2896-2908
This chapter reports on the analysis of Lactarius spores with Raman spectroscopy. Section 4
in the previous chapter discussed the collection of spore prints for this study. The next chapter
uses the results obtained here to study the opportunities of Raman spectroscopy for
chemotaxonomy using spores of Basidiomycetes.
Abstract:
Fungi are important organisms in ecosystems, in industrial and pharmaceutical
production and are valuable food sources as well. Classical identification is often time-
consuming and specialistic. In this study, Raman spectroscopy is applied to the analysis
of fungal spores of Lactarius, an economically and ecologically important genus of
Basidiomycota. Raman spectra of spores of Lactarius controversus Pers.: Fr., Lactarius
lacunarum (Romagn.) ex Hora, Lactarius quieticolor Romagn. and Lactarius quietus
(Fr.: Fr.) Fr. are reported for the first time. The spectra of these species show large
similarity. These spectra are studied and compared with the Raman spectra of reference
substances known to occur in macrofungi, including saccharides, lipids and some minor
compounds that may serve as specific biomarkers (adenine, ergosterol and glycine).
Most Raman bands could be attributed to specific components. In agreement with the
biological role of fungal spores, high amounts of lipids were observed, the main fatty
acid being oleate. In addition to different types of lipids and phospholipids, the
polysaccharides chitin and amylopectin could be detected as well. The presence of
trehalose is not equivocally shown, due to overlapping bands. Raman band positions are
reported for the observed bands of the different species and reference products.
Keywords: Lactarius, spores, fungi, Raman spectroscopy
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1 Introduction
Fungi play an important role in ecology, in food production, in pharmacy and in
industry. As they form mycorrhiza and as they are almost the only organisms that can degrade
cellulose and lignin, they are indispensable to ecosystems. Furthermore, fungi serve as a direct
food source and are often used to predigest food. A drawback of the enormous fungal
diversity is that abundant fungi cause epidemic plant diseases, infections or produce
mycotoxins(12).
In many disciplines, there is the need for accurate species identification. Classical fungal
identification is in many cases based on careful observation and measurements of macroscopic
and microscopic characters. However, these methods require an experienced investigator and
are time-consuming. More recently, instrumental methods such as gas chromatography (GC),
gas chromatography-mass spectrometry (GC-MS)(9), infra-red spectroscopy (IR)(97) and
molecular methods based on sequencing parts of the genome(62), are used to analyse fungi or
fungal extracts, since they can be used as chemotaxonomical markers.
A spectroscopic analytical technique with limited sample preparation would fulfil the
purpose of rapid analysis or identification. Raman spectroscopy is a molecular spectroscopic
technique with several advantageous properties, e.g. a non-destructive technique with quick
response time, high specificity, and limited sample preparation. Moreover while only small
sample amounts are required, narrow Raman bands and low water background(94) make this
method well-suited for the investigation of biological samples. Indeed, these characteristics
are important for this type of research, as biological samples are in general complex, water
containing samples, with a changing composition over time. 
Previous vibrational spectroscopic studies of micro-organisms show the technique’s
ability to analyse, detect and characterise microorganisms(66, 85, 101); the high specificity of the
spectra is an important property for this research. However, most of these papers report on the
application of infrared (IR) spectroscopy for bacterial analysis(86, 101). Because of
improvements in Raman instrumentation since the 1970's and 1980's(94), Raman spectroscopy
became available for this demanding research and some Raman spectroscopic studies on the
analysis of fungi have been performed(39, 40, 83, 97). These Raman studies had diverse goals with
taxonomic, medical or pharmaceutical aspects. These studies investigated a diverse range of
taxonomical groups, including lichens(40), Candida species(83), Zygomycota such as Mucor
(Mucorales)(39) and Mortierella (Mortiellales)(39) and Basidiomycota such as Amanita(97),
Agaricus (Agaricales)(39), Lactarius (Russulales)(97) and Macrolepiota (Agaricales)(97). Mostly,
fresh or dried specimens were investigated. Mohaček-Grošev et al. intensively investigated
different parts of the fungi with infrared spectrometry and found that the genus of the
specimen can be deduced from the spores, based on IR spectra(97). Although they also
presented Raman spore spectra of their samples, such as Lactarius deliciosus, they didn’t
make a direct comparison of the Raman spectra.
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This research focuses on the Raman spectroscopic analysis of Lactarius (Russulales,
Basidiomycota) spores, an important ecological genus, because of its ectomycorrhizal habit
and an important economic genus, because edible and popular in many regions of the world.
The genus is striking because all species exude a milky liquid (latex) of sesquiterpenoid
origin; possible functions for this exudate range from a storage medium of labile
components(10) to a role in a defence system against parasites(136). Another characteristic
property for almost all members of the Russulales is the amyloid spore ornamentation(60, 96).
This ornamentation, an important character for identification, is studied by means of Melzer
reagent(34).
Lactarius is a genus with about 400 species known(150). Since we have good sampling in
this genus and a good insight in the taxonomic problems here, we decided to test Raman
spectroscopy on Lactarius. Further evidence to use Lactarius species is found in a concurrent
research on the structure and (compositional) changes of its latex. Classification of Lactarius
species is based on both morphological and macrochemical characters. Important
morphological properties are, among others, the colour of the basidiome(9, 44), the pileipellis-
structure and the spore-ornamentation. Further information can e.g. be obtained through
coloration/discoloration reactions with specific chemicals, such as AgNO3, ammonia,
benzidine, FeSO4, Guaiacol, KOH and 1-Naphtol and by using the colour, taste,… of the
latex(44, 60).
Because of the need for a fast and non-destructive method for fungal analysis, the
potential of Raman spectroscopy in this field is evaluated. This paper presents for the first
time Raman spectra of spores of L. controversus and L. quieticolor, L. lacunarum and
L. quietus, representatives of the two most common subgenera of European Lactarius,
respectively L. subgenus Piperites and L. subgenus Russularia. Moreover, the Raman bands
of these spores are studied and some bands are assigned to specific biomolecules. Thus
Lactarius spores are a test case to obtain high quality Raman spectra and for eventual use in
more diverse Basidiomycota genera.
2 Experimental
2.1 Instrumentation
For this work a Kaiser System Hololab 5000R modular Raman microspectrometer
(f/1.8) was used. It includes a HoloSpec VPT SystemTM spectrograph and a back-illuminated
deep depletion CCD for detection. Samples are irradiated with a net power of 35-40 mW (at
the sample) using an excitation wavelength of 785 nm. All spectra were obtained using a one
min acquisition time. An 100x objective lens (PL Fluotar L, 100x/0.75, W.D. 4.7 mm, Leica)
was used. The laser is coupled to the microscope and spectrograph by means of optical fibers.
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2.2 Samples
Spore prints were collected from fresh specimens of L. controversus, L. lacunarum,
L. quieticolor and L. quietus. They were collected in autumn 2003 at different locations in
Flanders (Belgium). Spore prints were obtained after removing the stipe and leaving them
sporulate overnight on clean microscope slides. Samples were stored in dark at room
temperature between two microscope slides. Spectra were recorded of single spores,
positioned on a CaF2 slide. The samples used for this research are:
L. controversus, Belgium, Melle, Geerbosstraat, IFBL D3.34.34, alt. 10 m, in lane with Populus, 11-10-2003,
KDG 2003-04 (GENT)
L. lacunarum, Belgium, Wingene, nature reserve Gulkeputten, IFBL D2.13.23, alt. 15-20 m, in humid
roadside with Quercus and Betula, 20-10-2003, KDG 2003-06 (GENT)
L. quieticolor, Belgium, Wingene, nature reserve Gulkeputten, IFBL D2.13.24, alt. 15-20 m, in grassland with
scattered Pinus trees, 20-10-2003, KDG 2003-10 (GENT)
L. quietus, Belgium, Wingene, nature reserve Gulkeputten, IFBL D2.13.24, alt. 20 m, along roadside with
Quercus, 20-10-2003, KDG 2003-08 (GENT)
All species are kept in the herbarium of Ghent university (Herbarium Universitatis
Gandavensis, GENT, Belgium).
2.3 Reference materials
Several products have been purchased to verify band assignments. Amylose,
amylopectin, cellulose, chitin, dextrose, β-D-glucose, 1,2-dipalmitoyl-L-α-lecithin were
obtained from MP Biomedicals (Asse-Relegem, Belgium); triolein, trilinolein, trilinolenin and
D-(+)-Trehalose were purchased from Sigma-Aldrich (Bornem, Belgium). Adenine (Acros
Organics, Geel, Belgium), glycine (Acros Organics, Geel, Belgium) and ergosterol (Fluka,
Bornem, Belgium) were investigated as well as biomarkers. All products had a purity higher
than 98%, except the chitin sample (practical grade 90-95%). No detailed purity information
was available on the samples of amylose (free of amylopectin) and amylopectin.
2.4 Data processing
All spectra were recorded using Holograms 4.0 software, which was delivered along
with the instrument and exported to MATLAB 6.5 (the MathWorks, Inc.) where the
calibration was performed. For accurate Raman shift calibration 4-acetamidophenol,
acetonitrile/toluene (50/50 v/v), 1,4-bis-(2-methylstyryl)-benzene, cyclohexane, naphthalene,
polystyrene and sulphur(94) were used. Spectra were corrected for dark and optics and
subsequently an intensity-calibration has been performed.
For each reference sample, five spectra have been recorded. By eliminating outlying
values (more than two standard deviations from the mean value per wavenumber) and spectra
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(Hotelling T² (92)), experimental errors such as sample and surface heterogeneity, orientation
and spikes, have been taken into account. The mean spectrum of these spectra is treated as one
spectrum for further study, as it is known that the mean value reduces noise. The spectra of
the Lactarius spores were treated identically, except the fact that the mean of 10 spore spectra
was taken in order to cover minute heterogeneities and biological variation between spores.
3 Results and discussion
3.1 Raman spectra of Lactarius spores
Good quality Raman spectra of Lactarius spores can be obtained using a 60 seconds
integration time (fig. 2.1). Table 2.1 gives an overview of the Raman bands of the spores of
the four investigated species. The species are chosen according to their taxonomical
relationship(60). L. lacunarum and L. quietus are more closely related to each other than to
L. controversus and L. quieticolor. L. quieticolor is an outstanding species, because of the
changing colour of its latex in fresh specimen, which is also reflected in the slightly deviating
spectrum (see further). Comparing the spectra, it is clear that the main characteristics of all the
Lactarius spore spectra are the same, a reflection of the relatively close relationship between
the four investigated species(60) and of the same biological function of the spores: energy
storage medium for the germination of new individuals. However, a few differences can be
seen in the shape of the 1266 cm-1 band as well as in the ranges between 800 and 900 cm-1,
between 1000 and 1200 cm-1 (saccharide range) and between 1570 and 1620 cm-1. In addition
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Figure 2.1: Mean of 10 Raman spectra of spores of the different Lactarius species
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the wavenumber region below 600 cm-1 presents a wide diversity of weak bands and
shoulders. Remarkably, a distinctive band around 1605 cm-1 appears in the spectrum of the
outstanding species L. quieticolor. The Raman band at 322 cm-1 in the spores spectra is due to
the CaF2-slide on which the samples are measured. Thus the main characteristics of our
spectra are comparable to the L. deliciosus spectrum presented by Moha…ek-Grošev et al.(97),
while no conclusion about details can be given from their plot.
L. controversus L. lacunarum L. quietus L. quieticolor
219(vw) 228(vw)
270-272(vw) 275(vw)
293(vw) 291(vw)
348(w) 353(vw) 351-355(vw)
367(vw)
404(w) 406(w) 407(w)
441(w) 442(w)
477(m) 476(m) 477(m) 478(m)
481(m) 486(w,sh)
526(w) 527(vw) 517(vw) 493(w,sh)
583(w) 585(w)
609(w,br) 602(w,vbr) 600(w,vbr) 606(w,vbr)
721(mw,br) 722(mw,br) 723(mw,br) 723(mw,br)
766(vw) 767(w,br) 771(w)
815-820(sh) 815-820sh) 815-820(sh)
850-855(sh) 850-855sh) 850-855(sh) 850-855(sh)
869(m,br)
887-890(m,br) 889(sh) 891(sh) 889(w)
900-905(sh) 903-909(sh)
911(w) 910-920(sh) 917-920(sh)
938(w) 943(w) 942(w) 943(w)
972(mw) 971(mw) 972(mw) 971(mw)
1003(sh) 1003(sh) 1003(sh) 1006(sh)
1020(sh) 1022(sh)
1045-1047(sh) 1045(sh) 1045(sh) 1047(sh)
1065(m) 1065(m) 1064(m) 1065(m)
1081(m) 1082(m) 1079(br) 1080(m)
1112(m) 1111(w,sh) 1111(w,sh)
1118(m) 1119(m) 1119(m) 1121(m)
1147(sh) 1140-1145(sh) 1140-1145(sh) 1145(sh)
1170(sh)
1205(w) 1197-1199(vw)
1220(w) 1210-1220(sh,br)
1266(m) 1266(m) 1266(m,br) 1266(m,br)
1302(s) 1304(s) 1302(s) 1303(s)
1323(w,sh) 1320-1324(vw,sh)
1345(sh) 1338-1350(sh,br) 1340(sh) 1338(sh)
1367(w) 1363(w) 1367-1370(w) 1367(w)
1404(w,sh) 1403-1409(w,sh) 1404(w,sh)
1417(sh) 1421(sh) 1420(sh) 1415(sh)
1440(vs) 1440(vs) 1440(vs) 1440(vs)
1448(vw,sh)
1454-1456(sh) 1455-1457(sh) 1455-1457(sh) 1455(sh)
1590-1640(sh,br) 1610-1640(sh,br) 1590-1640(sh,br) 1605(m,br)
1657(s) 1656(s) 1656(s) 1656(s)
1741(w,br) 1741(mw,br) 1741(mw,br) 1740(mw)
Table 2.1: Overview of the observed bands (in cm-1) of the investigated Lactarius species
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3.2 Raman spectra of reference materials
Figure 2.2 and table 2.2 represent the spectra and summarize spectral band assignments
of the polysaccharide reference substances that have been investigated. Chemical structures of
Amylose Amylopectin Cellulose Chitin Vibrational assignment
252(ms)
306(sh) 305(m) 308-310(sh)
324(m) 320(w) 331(mw) 324(ms) δ(CCC) ring deformation
361(m,br) 359(m) 352(m) 366(m) δ(CCC) ring deformation
374(sh) 374-376(sh) 380(m) δ(CCC) ring deformation, symmetric
405(mw) 410(m) 396(m)
442(m) 440(m) 436(m) δ(CCC) ring deformation
458(m) 451(m) δ(CCC) ring deformation
481(vs) 477(vs) 490(w) 498(m) ν(CC) backbone
515(mw) 520(mw) δ(CCC) ring deformation, δ(COC)glycosidic linkage
567(vw) 566(mw)
580(m,br) 578(mw) 577(w)
614(mw) 597(vw)
645(mw)
715(mw) 717(mw) 712(mw)
757(mw,br) 769(mw) 758(vw,br)
828(vw)
855(m,br) 854(vw) CO, CC, CH bending
865(m,br) CC
897(m) 897(m)
910(m) 917(w)
940(m) 942(m) 970(w) 955(s)
996(mw) ρ(CH2)
1005-1007(sh) 1007(sh) 1004(m) CC ring breathing
1025(sh) 1030(sh) 1036(sh) 1031(m) CC, ν(CO) 1° alcohol 
1044-1045(sh)
1051(m,br) 1052(m,br) 1057(m) 1059(m) CC, ν(CO) 2° alcohol
1083(m) 1083(m) 1096(vs) COH bending, CH bending, ν(COC)glycosidic linkage 
1110(sh) 1112(m) 1108(s)
1125(m) 1127(m) 1120(s) 1135(vw) CC, COC symmetric glycosidic link; ringbreathing
1142-1143(sh) 1145-1147(sh) 1150(m) 1149(ms) CC ring breathing assymetric
1208(w,br) 1209(w) 1202(vw) 1205(mw) CH bending, δ(COH), δ(CCH),
1260(m,br) 1262(m) 1266(mw) 1267(m) CH2OH group, amide III, 
1293(mw) δ(CH2) twist
1338(m) 1338(m) 1339(m) 1328(s) CH bending, δ(OH)
1385(m) 1382(m) 1379(ms) 1379(s) δ(CH2)
1396(sh) CH bending
1409(mw) 1416(m) CH2 bending
1451(m) CH2 bending
1459(m) 1460(m,br) 1462(m) 1460-1465(sh) CH2 bending, δ(COH)
1479(m) δ(CH2) scissors
1518(w) Amide II
1621(m,br) Amide I + OHO bending of bound water
1656(m,br) Amide I
Table 2.2: Overview of the observed bands (in cm-1) of the polysaccharides
amylose, amylopectin, cellulose and chitin(37, 96, 111, 148)
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these compounds are given in figure 2.3. Amylopectin and amylose were selected, because of
the amyloid ornamentation, which is typical for Lactarius spores(60). Chitin is a polysaccharide
often found in many parts of fungi, such as cell walls(14). For completeness cellulose is
examined as it is found in lower fungi, typically Oomycetes.
The Raman spectra of polysaccharides (Fig. 2.2) are clearly different from those of
mono- and disaccharides, as they have broader bands. In the region 1200-1500 cm-1 mainly
CH deformation vibrations are observed, while CC and CO symmetrical stretching is found
between 950 and 1200 cm-1. Although these compounds show great structural similarity,
distinctions can be made from the spectra by using the CC and CO symmetrical stretching
vibrations (1000 till 1200 cm-1) and by using skeletal breathing modes below 500 cm-1.
Comparing the polysaccharides, chitin is structurally different, because of the amide group at
carbon 2, instead of an OH group. Chitin, therefore, shows bands of medium to strong
intensity at 252, 324, 645, 955, 1108, 1149 and 1328 cm-1. Moreover, N-acetyl related bands
appear at 1528 (amide II), 1621 (amide I) and 1656 cm-1 (amide I). Amylose, amylopectin and
cellulose are pure polymers of glucose. In the spectra of the two polymers of α-D-glucose,
amylose and amylopectin, band shifts are observed such as the backbone vibrational band
around 477  cm-1 and the bands around 320, 410, 769 and 1382 cm-1. In addition amylopectin
has some extra bands at 614, 865, 910 and 1396  cm-1. Opposite to amylopectin and amylose,
cellulose is a linear polymer of β-D-glucose as can be observed in the bands at 380, 458, 970,
996, 1096, 1293, 1409 and 1479 cm-1.
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Figure 2.2: Mean spectra of the polysaccharides amylopectin, amylose, cellulose and chitin
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Figure 2.3: Overview of the reference samples' structures
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Dextrose β-D-glucose Trehalose Vibrational assignment
233(mw) 233(mw) 218(m)
271(w) 275(w) 249(w)
288(m) 288(m) 293(w)
303(w) 302(w) 302(w)
319(w) 319(vw) 316(mw)
347(mw)
364(m) 364(m) 369(m)
396(vs)
406(vs) 404(vs) 407(s)
423(m) 426(vs) 430(m)
440(m) 440(m) 449(vs) δ(CCC) ring deformation
495(vw) 456(mw)
521(vs) 522(m) δ(CCC) ring deformation
541(vs) 541(vs) 543(s)
557(m) 557(m)
570(sh) 580(w)
607(w) 607(w) 602(w)
617(w)
650(m) 649(m) 671(w)
697(m)
716(w) 731(w)
772(m) 772(mw)
804(w)
842(vs) 842(s) 839(vs) C(1)-H for α-configuration
850(sh) δ(CO), δ(CC), δ(CH)
900(m) CH equatorial bending, indicative band of β-
configuration
915(ms) 915(s) 911(s) C(6)-OH
928(m)
957(w)
1002(mw) 1007(m) 1001(w) CH3, C(6)-H2
1022(m) 1022(m) 1018(m) COH
1027(w) CC, CO
1054(m) 1052(ms) 1060(s)
1068(m)
1075(m) 1075(m) 1080(m) C(2)-OH
1111(m) 1114(sh) 1103(s)
1121(s) 1121(vs) 1120(s) CC, COC symmetric glycosidic link; ringbreathing
1128(sh)
1150(m) 1150(m) 1148(m)
1204(w) 1204(mw) 1211(mw)
1223(vw) 1225(w)
1240(mw)
1259(m) CH2OH
1272(m) 1265(m) 1273(m) COH
1296(vw) 1309(w) 1313(mw)
1331(m) 1331(m) 1328(m) CH3, C(6)-H2, COH
1345(s) 1345(s) 1359(ms) COH
1371(m) 1371(m) 1372(m) CH3
1387(m) δ(CH2)
1407(w) 1406(w) 1410(m)
1432(vw) 1429(vw,br)
1451(mw) 1455(m) δ(CH3), δ(C(6)-H2), δ(COH)
1460(m) 1460(m) 1469(m) δ(CH3), δ(C(6)-H2), δ(COH)
Table 2.3: Overview of the observed bands (in cm-1) of the saccharides β-D-glucose, D-dextrose and trehalose(111)
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The monosaccharides D-dextrose (α-D-glucose) and β-D-glucose, were selected for this
study, as they are metabolites in a wide range of organisms. The reserve material trehalose
(see figure 2.3d for structure) is a disaccharide which is often encountered in fungi as energy
storage. In some fungal spores, it has a protective role against environmental stresses, such as
drought (where it has a function in water regulation)(14). Fig. 2.4 and table 2.3 present the
Raman spectra and observed bands for these mono- and disaccharides. Differences between
these saccharides are mainly observed in the regions 400-600 cm-1 and 1000-1400 cm-1.
β-D-glucose has characteristic Raman bands at 426, 456 and 900 cm-1, while dextrose has a
very strong band at 396 cm-1. According to Parker et al.(111) the very strong band at 842 cm-1 in
the dextrose spectrum is characteristic for the α-configuration at the anomeric position.
β-D-glucose has as well a strong band at this position (table 2.3). This can be an indication of
partly isomerisation of the β-D-glucose sample in dextrose (or α-D-glucose). The disaccharide
trehalose has a Raman band in the same region at 839 cm-1, as it is composed of two α-D-
glucose subunits. When compared to the poly- and disaccharides, β-D-glucose and dextrose
lack bands around 320-325 cm-1. Trehalose, being a disaccharide, has a more complex
spectrum, compared to the monosaccharides, with specific bands of medium intensity at 697,
928, 1240 and 1387 cm-1. The band at 1456 cm-1 in the spectrum of trehalose, may be
observed as a shoulder in the spectrum of the polysaccharides, while the bands at 1211
(δ(CH)), 1259 ν(COH) and 1387 cm-1 (δ(CH2)) are shifted compared to the polysaccharides.
trehalose
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Figure 2.4: Mean spectra of the mono- and disaccharides dextrose, β-D-glucose and trehalose
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The Raman spectra of the lipids triolein, trilinolein, and trilinolenin are presented in
Fig. 2.5 and Table 2.4. Their respective fatty acids oleate, linoleate and linolenate are the most
widespread unsaturated fatty acids, containing respectively one, two and three double bounds,
and form esters with glycerol. Next to these, we examined the phospholipid 1,2-dipalmitoyl-
L-α-lecithin. According to Weng et al.(154), differences between saturated and unsaturated fatty
acids are mostly visible in the bands at 1655 (ν(C=C)cis), 1302 (δ(CH2)twist) and 1266 cm-1
(δ(=C-H)cis, in plane), with minor differences at lower wavenumbers. Our observations of the
Triolein Trilinolein Trilinolenin Lecithin Vibrational assignment
374(vw) 375(w)
400(vw) 414(vw)
429(w, br) 431(vw)
482(w, br) 455(w)
510(w,br)
535(vw)
602(w,br) 601(w,br) 594(w,br) 576(vw,br)
717(mw,br)
720(m) ν(C-N) symmetric stretch: choline group
725(w) 725(w,br)
756(sh)
767(mw) ν(OPO) diester symmetric stretch
765(vw) 771(w,br) 795(w)
815-817(sh) 828(w) ν(OPO) diester asymmetric stretch
835-838(sh)
853(m,br) 841(m) 853(mw)
871(m,br) 873(m,br) 866(s) 877(m)
905(vw) 890(m)
915-918(w,br) 912(m) 925(w,sh)
939(mw) 930(w)
946(sh) 956(mw)
972(m) 972(m) 972(m) 974(w)
1021(sh) 1026(vw) 1023(m) 1017(w,br)
1035(w,br) 1043(vw)
1065(m) 1064(sh) 1069(m) 1063(s) ν(CC), phosphate
1080(m) 1075(m) 1083(m) ν(CC)
1096(m) 1099(m) ν(CC)
1118(m) 1129(s) ν(CC)
1140-1145(vw)
1170(vw) 1167(w) 1174(w)
1197(vw) 1190(w,br)
1218(w) 1217(vw)
1244(w,br) PO2 asymmetric stretch
1268(m,br) 1266(s) 1266(s) =C-H in plane bending
1302(s) 1302(ms) 1302(m) 1296(vs) CH2 twisting
1342(sh) 1320(sh) 1341(w)
1366(w) 1364(w) 1371(vw) 1371(w)
1405(w) 1401(mw) 1401(w)
1440(vs) 1440(vs) 1441(ms,br) 1438(s) CH2 bending, CH3 asymmetric deformation
1455-1458(sh) 1455-1458(sh) 1455-1456(sh) 1456(s) CH3 symmetrische deformatie
1628-1630(sh) 1625-1628(sh) 1608(w)
1655(s) 1658(vs) 1657(vs) ν(C=C)cis
1731(mw) ν(C=O)
1742(m) 1741(m) 1741(mw) 1746(mw) ν(C=O)
Table 2.4: Overview of the observed bands (in cm-1) of the lipids Triolein, Trilinolein, trilinolenin and lecithin
(1,2-dipalmytoyl-L-α-Lecithin)(112, 154)
85
spectra of the lipids (Fig. 2.5) confirm this. Moreover, Weng et al.(154) mention as well that, in
analogy with the spectra of n-alkanes, the shift of the 1099 cm-1 ν(CC) stretch band reveals the
length of the (saturated) fatty-acid chain. However, this band is not easily observed as this
band overlaps with other bands. Lecithin, being a phospholipid, has a few characteristic bands
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Figure 2.5: Mean spectra of the lipids triolein, trilinolein, trilinolenin and
1,2-dipalmitoyl-L-α-lecithin
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Figure 2.6: Mean spectra of adenine, glycine and ergosterol
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at 720, 767 and 828 cm-1 (also observed in the chitin spectrum), which can respectively be
attributed to ν(CN), ν(OPO)symmetric and ν(OPO)asymmetric of the cholinegroup, as well as bands
at 1129, 1456 and 1731 cm-1. Moreover the band at 1302 cm-1 is shifted towards 1296 cm-1, in
comparison with the spectra of the other lipids in this study.
 Next to the mono-, di- and polysaccharides and the lipids, some other biomolecules
have been incorporated in this Raman spectroscopic study (figure 2.6 and table 2.5), namely
adenine, glycine and ergosterol (see structures in figures 2.3c and 2.3f). There was no
particular reason to incorporate the first two substances adenine, found in nucleic acids, and
glycine, found in peptides; they were investigated as markers for their respective biopolymers.
The steroid ergosterol was investigated as well, as this is an essential component in cell
membranes of all fungi, except Oomycetes(14). The spectrum of glycine has relatively few
bands. It contains two strong bands at 893 cm-1 and 1326 cm-1. Though more discrete, adenine
has more Raman bands. Ergosterol, being a steroid, has a complex spectrum reflecting its
range and stereoselective positioned molecular groups, containing bands at 595, 615, 714,
1441 and 1450 cm-1 as well as the strong conjugated ν(C=C)cis, conjugated vibration at 1600 cm-1.
3.3 Interpretation of the Raman spectrum of L. controversus spores
As the spectra of the four studied Lactarius species are very comparable, it is not
necessary to discuss all spectra in detail, and only the spectrum of L. controversus spores will
Adenine Ergosterol Glycine Adenine Ergosterol Glycine
240(w) 233(ms) 985(s)
269(w) 1025(mw) 1014(m)
326(m) 1038(m) 1035(mw)
331(m) 311(m) 359(mw) 1079(m)
383(mw) 1096(m) 1109(w)
431(m) 1126(m) 1138(w) 1140(w)
447(m) 1163(w) 1160(m)
475(m) 494(m) 1173(m)
536(m) 503(m) 1193(mw)
561(w) 554(m) 1224(m)
595(s) 1235(w,sh) 1241(w)
623(m) 615(s) 603(m) 1249(m) 1263(m)
697(mw) 1290(m)
723(vs) 714(vs) 1299(m)
765(m) 1308(mw) 1320(m) 1326(m)
797(w) 791(m) 1332(s) 1338(m)
804(m) 1372(mw) 1370(mw)
838(m) 1380(mw)
841(vw) 844(m) 1420(mw) 1412(mw)
856(m) 1443(sh) 1441(s) 1440(m)
873(m) 1463(mw) 1450(s) 1457(mw)
899(mw) 898(m) 893(vs) 1484(m) 1515(w)
917(m) 1598(w) 1600(s)
934(m) 1613(mw) 1628(vw,br)
942(m) 947(m) 1676(vw) 1668(m) 1669(w)
Table 2.5: Overview of the observed bands (in cm-1) of adenine, ergosterol and glycine
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be discussed in more detail and compared to the spectra of reference substances. When
comparing the Raman spectra of L. controversus spores with the spectrum of triolein
(Fig. 2.7) the high degree of similarity is easily observed, showing that these spores contain
high amounts of its composing fatty acid oleate. Table 2.6 summarises the observed bands in
the L. controversus spores. It also presents a tentative band assignment, based on the spectra
of the reference substances. Next to triolein, a small amount of trilinolenin might be observed,
when observing the bands of low intensity at 866 and 939 cm-1. Many bands of the
investigated lipids are masked by the intense bands of triolein. However, the position of the
overlapping band at 869 cm-1 indicates the presence of some trilinolenin: trilinolenin has an
intense band at 866 cm-1, while triolein and trilinolein have broad medium bands respectively
at 871 cm-1 and 873 cm-1. Characteristic bands for trilinolein could not be observed in the
spectrum of L. controversus spores: since bands for trilinolein were masked by the intense
triolein spectrum, the presence of trilinolein could not be positively determined. The Raman
bands at 721 cm-1 and near 890 cm-1 are indicative for phospholipids, although the intense
bands at 1129, 1296 and 1438 cm-1 from lecithin were masked in the spectrum of the
L. controversus spores. It can be concluded that high amounts of lipids are present in the
spores, consistent with their biological function as energy reserve for future generations.
Brondz et al used gas chromatography analysis of Basidiomycota spores as a
chemotaxonomical tool(9). They also found oleate being the main fatty acid in most spores,
although fatty acid composition may differ between different genera.
The observation of saccharides in the Raman spectra of the L. controversus spores is
hampered by overlapping bands. The bands observed at 645, 1045, 1205 and 1417 cm-1 are
present in the chitin spectrum. In the lower frequency region, the band at 348 cm-1 may be
correlated with the presence of trehalose as well as some other very weak bands at 219, 293
and 583 cm-1. However, this result should be considered with caution: specific Raman bands
in the spores spectrum corresponding to bands of medium to high intensity in the spectrum of
trehalose could not be observed, because of overlap with other substances. Comparing the
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Figure 2.7: Mean spectra of Lactarius controversus and triolein
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L. controversus spore spectrum to the other spore spectra, probable differences in chitin
composition can be observed in the bands at 645 and 1205 cm-1 as well as differences in the
presence of amylose (as observed at 481 cm-1).
As Lactarius spores have an amyloid ornamentation, the spectra of these spores were
examined for compounds (amylose and amylopectin) showing the typical amyloidic reaction
with iodide. The polysaccharide backbone band at 477 cm-1 in the spores spectrum may be
indicative for the presence of amylopectin. A shoulder at 481 cm-1, characteristic for amylose
could not be observed. The spores’ spectrum contains a broad band of low intensity at
609 cm-1; in contrast to amylose, amylopectin has a medium-weak band in this region (near
614 cm-1). The broad band of medium intensity in the spectrum of L. controversus spores at
Band Shape Tentative band assignment
219 vw probably trehalose (218m)
270-272 vw
293 vw probably trehalose (293w)
348 w probably trehalose (347mw)
404 w Saccharides
477 m δ(CCC) polysaccharids: amylopectin (477vs)
526 w
583 w probably trehalose (580w)
609 w,br
645 vw chitin (645mw)
665 vw
721 mw,br trilinolenin (717mw,br), phospholipids/cholinegroup: lecithin(720m)
766 vw triolein (765vw), OPO diester symmetric stretch choline: lecithin(767mw)
815-820 sh triolein (815-817sh)
850-855 sh CC bending (lipids)
869 m,br CC bending lipids and saccharides
887-890 m,br lecithin (890m): CC bending
911 w amylopectin (910m), trehalose (911s)
938 w trilinolenin (939mw), CH2 skeletal backbone of organic compounds
972 mw ρ(CH2) lipids
1003 sh chitin (1004m)
1020 sh lipids and saccharides (CC and CO)
1046 sh chitin (1044-1045sh)
1065 m CC stretch lipids
1081 m CO stretch lipids and saccharides
1118 m triolein(1118m)
1147 sh saccharides
1170 sh triolein (1170vw), trilinolenin (1167w), lecithin (1174w)
1205 w chitin (1205mw)
1220 w lecithin (1217vw)
1266 m =C-H cis stretch of unsaturated fatty acids, amide III chitin
1302 s triolein(1302s), trilinolenin(1302m), CH2 wagging/twisting
1345 sh triolein (1342sh)
1367 w lipids and saccharides: δ(OH) en CO stretch
1404 w,sh triolein (1405w)
1417 sh chitin (1416m)
1440 vs CH2 en CH3 asymmetric deformation lipids
1455 sh lipids
1590-1640 sh,br
1657 s triolein(1655s), trilinolenin(1657vs): C=C stretch cis, amide I chitin
1741 w,br fats: C=O ester binding: stretch
Table 2.6: Overview of the observed bands (in cm-1) in the Lactarius controversus(37, 111, 154)
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869 cm-1, has a shoulder at 850-855 cm-1. This band cannot be clearly assigned, because
amylopectin, triolein and trilinolenin have bands or shoulders as well in this region. No band
or shoulder is observed at 1096  cm-1, the position of the most intense band in the spectrum of
cellulose. The possible Raman band at 1120  cm-1 is obscured by the 1118  cm-1 band of
triolein, which is the most abundant product. This indicates the absence of a detectable
amount of cellulose. In general, cellulose is not retrieved in higher fungi(14). Although there is
a weak band at 404 cm-1, the presence of dextrose and β-D-glucose cannot be positively
determined as the spectra lack bands or shoulders near 396, 521, 541 and 842 cm-1.
No characteristic Raman bands of adenine, ergosterol or glycine could be detected. At
the positions of the most intense Raman bands in the adenine spectrum (723 and 1332 cm-1,
figure 2.6), no specific bands could be detected in the L. controversus spore spectrum, as other
products are overwhelming the spectrum at these frequencies. Glycine is not positively
identified in L. controversus spores, as only a very weak shoulder at 1325 cm-1 could be
observed, while no Raman bands were detected at 893 and 1326 cm-1. The concentration of
the steroid ergosterol is far below the detection limits: although it has several intense Raman
bands, none could be differentiated from the background.
4 Conclusion
In this work it was demonstrated that Raman spectra of different Lactarius spores could
be recorded. In general, there is good agreement between the spectra from spores of the
different species (L. controversus, L. lacunarum, L. quieticolor and L. quietus). After
comparison of these spectra with the Raman spectra of reference bio-organic compounds, it
could be observed that the spores contain a high amount of lipids, the main fatty acid being
oleate. This lipid content, serving as energy reserve, is consistent with the spores biological
function. The spores, probably the spore walls, contain chitin. Amylopectin is detected,
responsible for at least part of the amyloidic reaction, which is characteristic for Lactarius
spores. Finally trehalose may be present, but could not be positively determined because of
overlapping bands.
5 Notes on this publication
To the best of our knowledge, there are only two papers discussing Raman
spectroscopic or other vibrational spectroscopic research on spores of Basidiomycota besides
the research project described here. Mohaček-Grošev et al.(97) discussed the vibrational
spectroscopic (mainly infred spectroscopic) signals of different tissues of basidiocarps. The
next chapter present a paper(32) on the identification of the fungal specimen with a
chemometric analysis protocol based on the Raman spectra of the spores of Basidiomycota.
CHAPTER III:
Chemotaxonomical identification of
spores of macrofungi
Based on the paper: De Gussem K., Vandenabeele P., Verbeken A., and Moens L. (2007). Chemotaxonomical
identification of spores of macrofungi: possibilities of Raman spectroscopy. Analytical and Bioanalytical
chemistry, 387(8): 2823-2832
This chapter discusses the identification of basidiomycetes by using the Raman spectra of
their spores. Collection of the spore prints, the genera used in this study and extended
multiplicative scattering correction (EMSC) for the elimination of spectral interferences were
described in the first chapter of this part.
Abstract:
Confocal Raman spectroscopy is a non-destructive analytical method which is useful to
obtain detailed information about the molecular composition of biological samples. Its
high spatial resolution was used to collect spectra of single basidiospores of macrofungi
of the genera Collybia, Gymnopus, Laccaria, Lactarius, Mycena and Russula. These
spectra can be divided into three major taxon-related groups, with general compositional
differences, such as the relative amount of lipids compared to proteins. In this study,
collapsing of thin-walled spores during storage was often observed, a phenomenon
which has been given little attention in the literature.
The Raman spectra are treated with different chemometric preprocessing techniques,
including Savitsky-Golay, standard normal variate preprocessing (SNV) and extended
multiplicative scatter correction (EMSC). By using linear discriminant analysis,
approximately 90 % of the spectra can be assigned to the correct genus, but
identification on the species level was not possible.
Keywords: Raman spectroscopy, basidiomycotina, chemotaxonomy, genus identification
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1 Introduction
The fungi form an extensive group of organisms with very important roles in ecology
and with both positive effects (e.g. fermentation processes to produce foods) and negative
effects (e.g. the production of mycotoxins) to humans. For ecological, biodiversity-related,
medicinal and economical reasons etc., it is often important to identify fungal species easily
and accurately. Classical fungal identification is based on careful observation of macroscopic
and microscopic morphological characters. However, these methods require experienced and
trained people and are time-consuming. More recently, techniques such as gas
chromatography (GC), gas chromatography-mass spectrometry (GC-MS)(9), infra-red
spectroscopy (IR)(97) and molecular-genetic tools(2, 17, 20, 62), were introduced to analyse fungi or
fungal extracts, as these technique’s signals can be used as chemotaxonomical markers.
The ideal chemical technique for the identification of fungal species would provide
rapid and accurate analysis. If optimised for the identification of fungi, Raman spectroscopy
should be accessible as an identification tool for non-professional mycologists, although we
do not expect it to replace classical methods for taxonomy and systematics. Its advantageous
properties include, amongst others, a quick response time, high specificity and high
throughput with limited sample preparation(115). Relatively narrow Raman bands and little
interference from water, make this technique well suited for the analysis of biological
samples. These characteristics are essential, as biological samples, such as fungal samples,
frequently have a complex composition. Moreover, when using micro-Raman spectroscopy,
only very small samples are needed, which enables us to collect spectra from single spores(31)
or cells(64, 120, 121). Disadvantages of Raman spectroscopy are the occurrence of fluorescence
backgrounds in some spectra. The absorption of laser light is another phenomenon which
sometimes hampers the investigations, especially when the sample colour is complementary to
the laser light used.
This study concentrates on macrofungi. In traditional systematics, taxa are defined based
on morphological similarities. However, where morphological characters, especially in
macrofungi, show high variability, molecular genetic analysis is often more constant. In the
ideal situation, there is no intraspecies variation in nucleic acid sequences (molecular genetic
tools) or chemical composition. In practice, species can be characterised by the chemical
composition of a tissue or cell as long as the intraspecies chemical composition is low
compared to the interspecies variation. Molecular genetic tools use highly constant nucleic
acid sequences (genotype), while fatty acid methyl ester (FAME) analysis and direct analysis
of the fat composition have also been used(9) as taxonomical markers (phenotype). These
techniques monitor only a limited part of a specimen’s chemical composition to extract
taxonomic information. In contrast to these analytical methods, vibrational spectroscopic
techniques, such as infrared and Raman spectroscopy, use the entire chemical composition of
the tissue or cell as a phenotypic fingerprint for discrimination.
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Previous research on chemotaxonomic identification of fungi has mainly focussed on
unicellular yeasts(38, 69, 83, 85, 120, 121, 151). These studies showed the feasibility of Raman
spectroscopy for applied taxonomic research in specific areas, for example Maquelin et
al.(69, 83, 85) showed some perspectives of Raman spectroscopy for clinical applications. They
used the technique to detect pathogens in blood cultures(85) and to identify and discriminate
between Candida species(69, 83). By taking advantage of the fast response time and low sample
volumes, a prediction accuracy of 90 % of Candida infections in peritonitis patients was
obtained. This approach lowered the turnover time by 75 % compared to classical
microbiological investigations. Rösh et al. intensively studied intra-cell variation as well as
single cell identification of yeasts(120, 121). Another example of successful use of Raman
spectroscopy as a taxonomic tool is the research of Edwards et al. on lichens(38, 151). The lichen
Raman spectra contained characteristic signals of organic compounds used for the protection
against UV radiation. The lichens were not detached from their substrate prior to analysis in
contrast to the destructiveness of commonly used techniques in this field. Chemotaxonomic
studies on fungi are part of a recent trend towards the use of Raman spectroscopy for the
analysis of complex biomaterials(11). Of particular interest is the progression in the analysis of
bacteria, which have already been identified on the genus and strain level using Raman
spectroscopy(68, 71, 107, 122). Along with the usage of Raman spectroscopy, infrared-based(53, 70, 155)
and other spectroscopic techniques, such as MALDI-TOF mass spectroscopy(77, 124) and nuclear
magnetic resonance (NMR) spectroscopy(61) have been used for chemotaxonomic research of
micro-organisms.
In this paper, the application of Raman spectroscopy for taxonomic research of
basidiomycetous macrofungi is investigated. Species of six different genera are examined:
Collybia (Tricholomataceae, Agaricales), Gymnopus (Tricholomataceae, Agaricales),
Laccaria (Hydnangiaceae, Agaricales), Mycena (Tricholomataceae, Agaricales), Lactarius
(Russulaceae, Russulales) and Russula (Russulaceae, Russulales)(74). The practical issues of
chemotaxonomy based on Raman spectra of the spores as well as the use of different
chemometrical preprocessing algorithms and identification routines are discussed in detail. A
paper on the study of the chemical composition of Lactarius spores was published
previously(31).
2 Experimental
2.1 Instrumentation
For these investigations, a modular Raman spectrometer (Kaiser System Hololab
5000R) (f/1.8) was used. The laser (Toptica Photonics AG, Martinsried/Munich, Germany)
has an excitation wavelength of 785 nm and samples were exposed to approximately 40 mW
net power at the sample. The light is guided to the microscope and spectrograph by means of
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optical fibres, while the light was focussed on the samples using an 100x objective lens (PL
Fluotar L, 100x/0.75, W.D. 4.7 mm, Leica). A one min acquisition time was used for
recording all spectra. A HoloSpec VPT System spectrograph and a back-illuminated deep
depletion CCD were used for the detection of the scattered photons.
2.2 Instrument calibration
Spectra were recorded with the Holograms 4.0 software. The spectra were subsequently
exported to MATLAB 6.5 R13 (the MathWorks, Inc.) where the calibration was performed
using the method outlined by Hutsebaut et al.(67). 4-acetamidophenol, acetonitrile/toluene
(50/50 v/v), 1,4-bis-(2-methylstyryl)-benzene, cyclohexane, naphthalene, polystyrene and
sulphur were used for Raman shift calibration. Spectra were corrected for dark noise and
contributions from the spectrometer’s optical components. Subsequently, an intensity
calibration was performed using the known wavelengths of the atomic lines from neon and a
well calibrated tungsten bulb (Optronic Laboratories, Inc, Orlando, USA) operating at
6.500 A.
2.3 Samples and spectral dataset
Spore prints were gathered from fresh specimen (collected in autumn 2005 at different
locations in Flanders, Belgium). The following samples were collected:
Collybia dryophylla: Belgium, Wachtebeke, Heidebos, IFBL: C3.35.41, 1 Oct 2005, KDG 2005-37
Collybia dryophylla: ibid., KDG 2005-33
Collybia erythropus: ibid., KDG 2005-36
Collybia maculata: Belgium, Wingene, Vagevuurbossen, IFBL: C2.53.44, 20 Sep 2005, KDG 2005-22
Collybia peronata: Belgium, Wachtebeke, Heidebos, IFBL: C3.35.41, 1 Oct 2005, KDG 2005-30
Collybia peronata: ibid., KDG 2005-31
Collybia peronata: ibid., KDG 2005-32
Collybia peronata: Belgium, Merelbeke, Prov. domein Gentbos, IFBL: D3.43.13, 8 Oct 2005, KDG 2005-51
Gymnopus brassicolens: Belgium, Wachtebeke, Heidebos, IFBL: C3.35.41, 1 Oct 2005, KDG 2005-38
Laccaria amethystea: Belgium, Wingene, Vagevuurbossen, IFBL: C2.53.44, 20 Sep 2005, KDG 2005-19
Laccaria amethystea: ibid., KDG 2005-20
Laccaria laccata: Belgium, Gent, Univ. Campus De Sterre, IFBL: D3.22.43, 22 Oct 2005, KDG 2005-78
Laccaria proxima: Belgium, Wingene, Vagevuurbossen, IFBL: C2.53.44, 20 Sep 2005, KDG 2005-18
Lactarius blennius: Belgium, Wingene, D2.13.22, 11 Oct 2005, KDG 2005-58
Lactarius camphoratus: Belgium, Wingene, Vagevuurbossen, IFBL: C2.53.44, 20 Sep 2005, KDG 2005-21
Lactarius controversus: Belgium, Gent, Univ. Campus De Sterre, IFBL: D3.22.43, 9 Aug 2005, KDG
2005-07
Lactarius controversus: Belgium, Gent, Univ. Campus De Sterre, IFBL: D3.22.43, 24 Aug 2005, KDG
2005-17
Lactarius controversus: Belgium, Gent, Univ. Campus De Sterre, IFBL: D3.22.43, 6 Oct 2005, KDG 2005-40
Lactarius deterrimus: Belgium, Hautes Fagnes, Rés. for. Ruhrbush (Butgenbach/Elsenborn), IFBL: H6.28.44,
16 Oct 2005, KDG 2005-69
Lactarius lacunarum: Belgium, Wingene, D2.13.22, 11 Oct 2005, KDG 2005-60
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Lactarius lacunarum: Belgium, Gent, Univ. Campus De Sterre, IFBL: D3.22.43, 24 Aug 2005, KDG 2005-76
Lactarius plumbeus: Belgium, Wingene, Vagevuurbossen, IFBL: C2.53.44, 20 Sep 2005, KDG 2005-27
Lactarius pubescens: Belgium, Gent, Univ. Campus De Sterre, IFBL: D3.22.43, 6 Oct 2005, KDG 2005-43
Lactarius pubescens: Belgium, Gent, Univ. Campus De Sterre, IFBL: D3.22.43, 24 Oct 2005, KDG 2005-83
Lactarius quietus: Belgium, Wingene, D2.13.22, 11 Oct 2005, KDG 2005-57
Lactarius quietus: Belgium, Heure, Vallée Ruisseau du Trou du Loup, H6.36.23, 14 Oct 2005, KDG 2005-61
Lactarius quietus: Belgium, Gent, Univ. Campus De Sterre, IFBL: D3.22.43, 22 Oct 2005, KDG 2005-81
Lactarius rufus: Belgium, Temse, Fort van Steendorp, C4.54.11, 9 Oct 2005, KDG 2005-54
Lactarius tabidus: Belgium, Wingene, Vagevuurbossen, IFBL: C2.53.44, 20 Sep 2005, KDG 2005-26
Lactarius tabidus: Belgium, Merelbeke, Prov. domein Gentbos, IFBL: D3.43.13, 8 Oct 2005, KDG 2005-48
Lactarius vellereus: Belgium, Hautes Fagnes, Rés. for. Ruhrbush (Butgenbach/Elsenborn), IFBL: H6.28.44,
16 Oct 2005, KDG 2005-74
Mycena galopus: Belgium, Wachtebeke, Heidebos, IFBL: C3.35.41, 1 Oct 2005, KDG 2005-34
Mycena pura: Belgium, Merelbeke, Prov. domein Gentbos, IFBL: D3.43.13, 8 Oct 2005, KDG 2005-47
Mycena pura: Belgium, Hautes Fagnes, Rés. for. Ruhrbush (Butgenbach/Elsenborn), IFBL: H6.28.44, 16 Oct
2005, KDG 2005-68
Russula aeruginea: Belgium, Gent, Univ. Campus De Sterre, IFBL: D3.22.43, 6 Oct 2005, KDG 2005-45
Russula cfr. aeruginea: Belgium, Temse, Fort van Steendorp, C4.54.11, 16 Aug 2005, KDG 2005-10
Russula delica: Belgium, Tervuren, E4.38.42, 7 Aug 2005, KDG 2005-01
Russula exalbicans: Belgium, Gent, Univ. Campus De Sterre, IFBL: D3.22.43, 22 Aug 2005, KDG 2005-12
Russula exalbicans: ibid., KDG 2005-13
Russula exalbicans: ibid., KDG 2005-14
Russula exalbicans: ibid., KDG 2005-15
Russula faginea: Belgium, Tervuren, E4.38.42, 7 Aug 2005, KDG 2005-03
Russula foetens: ibid., KDG 2005-04
Russula heterophylla: Belgium, Gent, Univ. Campus De Sterre, IFBL: D3.22.43, 24 Oct 2005, KDG 2005-79
Russula ochroleuca: Belgium, Wingene, Vagevuurbossen, IFBL: C2.53.44, 20 Sep 2005, KDG 2005-23
Russula parazurea: Belgium, Gent, Univ. Campus De Sterre, IFBL: D3.22.43, 22 Aug 2005, KDG 2005-16
Russula versicolor: Belgium, Temse, Fort van Steendorp, C4.54.11, 4 Oct 2005, KDG 2005-39
Russula versicolor: Belgium, Gent, Univ. Campus De Sterre, IFBL: D3.22.43, 6 Oct 2005, KDG 2005-41
Stipes were removed and spore prints were obtained by letting the pilei sporulate
overnight on sterilized microscope slides. The spore prints were stored between two sterile
microscope slides in a desiccator in the dark at room temperature in a desiccator between two
sterile microscope slides. The dataset used consists of 49 specimen of 6 different genera. All
specimen are kept in the herbarium of Ghent University (GENT). One specimen Gymnopus
brassicolens was collected. Because of the high resemblance of the G. brassicolens spore
spectra and Collybia spore spectra and because of the close taxonomical relationship(152),
G. brassicolens and Collybia were treated as a single group in this research project. Spores
were transferred to a CaF2 slide prior to Raman spectroscopic analysis.
For each specimen, five raw spectra of different spores were collected and
mathematically preprocessed. Thereafter, these five spectra were averaged and the resulting
spectrum was stored in the spectral database. Replicate spectra were collected on different
measurement days, in order to obtain one up to three mathematically preprocessed Raman
spectra per specimen (two spectra per specimen on average). When multiple collections of one
species were available, only one or two processed spectra were stored in the database so this
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dataset would not be biased towards a few particular species. Thus, 93 processed spectra in
total were obtained.
The species used in this dataset all have white to light-coloured spores. Lactarius (19
specimen, 40 spectra) and Russula (14 specimen, 24 spectra) are genera belonging to the
Russulaceae (Russulales)(74) with white to cream or yellowish coloured spores. Laccaria (4
specimen, 7 spectra) is a white spored genus in the family Hydnangiaceae (Agaricales), where
Collybia/Gymnopus (9 specimen, 17 spectra) and Mycena (3 specimen, 5 spectra) have thin-
walled spores and are found in the family Tricholomataceae (Agaricales).
2.4 Software
All calculations were performed in MATLAB using an in house written toolbox. For
EMSC preprocessing, the EMSC toolbox for MATLAB by Harald Martens was used(91), while
PCA and Savitsky-Golay processing were applied with the PLS toolbox 3.0(118). LDA was
performed by Michael Kieftes’ Discriminant Analysis Toolbox 0.3(72).
3 Results and discussion
In the collected spectra some interferences can be observed, which need to be eliminated
prior to identification. Since the intensities of Raman spectra differ between spectra of
conspecific samples, which is due to focussing or to small fluctuations in laser power, relative
intensities should be considered. Hence, chemometrical preprocessing is needed to eliminate
multiplicative effects. This can be obtained by using standard normal variate (SNV)
preprocessing(5), which greatly reduces spectral variation (figures 3.1A and 3.1B)
Biological samples often contain varying backgrounds (additive interferences). Even
small changes in background intensity or slope that remain unnoticed to the eye, can be
detrimental for identification routines. Therefore, the calculation of derivative spectra using
the Savitsky-Golay algorithm (windowwidth of 9 datapoints, 3rd order polynomial, 1st
derivative) was validated as preprocessing method(127) (figures 3.1A and 3.1C). When spectral
backgrounds are more complex, however, the Savitsky-Golay algorithm fails and a more
powerful technique, such as Extended Multiplicative Scatter Correction(90), is necessary.
EMSC models additive and multiplicative effects simultaneously and thus EMSC is able to
deal with both physical and chemical interference. The algorithm(91) is applied once to correct
for only physical contributions (e.g. differences in focussing) (figures 3.1A and 3.1D) and
once using a combination of corrections for physical contributions and modelling of reference
spectra (figures 3.1A and 3.1E). These reference spectra (amylose, amylopectin, chitin,
N-acetyl-D-glucosamine, 1-octadecanol, cholic acid, lecithin, stearic acid, trehalose,
trilinolein, trilinolenin and triolein) are referred to in the literature as good spectra and are
supposed to be present in the samples. Correction of physical interference removes too much
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B) SNV preprocessed spectra
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C) Savitsky-Golay preprocessed spectra
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D) EMSC preprocessed spectra
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E) EMSC (phys + ref. prod) preprocessed spectra
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Figure 3.1: Influence of the applied preprocessing techniques on the spectral variation of the Collybia spore spectra:
average spectrum (middle spectrum) and average spectrum with one standard deviation added (top spectrum) and
subtracted (bottom spectrum)) of (A) orginal spectra, (B) SNV preprocessed spectra, (C) Savitsky-Golay
preprocessed spectra (first derivative), (D) EMSC (physical interference correction) preprocessed spectra and (E)
EMSC preprocessed spectra including modelling of reference products
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relevant variation which is not the case when these reference products are used in the
mathematical model (compare figures 3.1D and 3.1E).
Notable spectral differences can be observed at 1126 and 1337 cm-1 in the case of
Collybia spectra. When only correction for physical interference is applied, high variations at
these positions are seen as multiplicative interference (and as a result variation in the whole
spectral region is lowered). However, when chemical information is modelled through
reference spectra, these bands are seen as independent bands relative to the reference products,
which illustrates the effective separation of physical and chemical information. Where SNV
and Savitsky-Golay show no obvious spectral artefacts, EMSC-preprocessing affects the
shape of Laccaria spore spectra. This is due to the presence of the Raman bands at 1106 and
1489 cm-1, which show high intensity differences compared to Russula and Lactarius and
therefore they are treated as unwanted side effects (figure not shown).
For each specimen analysed on a specific day, five raw spectra were collected. Using the
algorithms described, four different preprocessing schemes are validated, namely SNV,
Savitsky-Golay and EMSC preprocessing with and without modelling of good spectra. To
eliminate the presence of spikes in the Raman spectra as well as to minimize intra specimen
variation, subsequently the mean spectrum of the five processed spectra was calculated, while
ignoring values that differ more than two standard deviations of the other values in each
spectral channel. Finally this preprocessed mean spectrum was stored in the spectral database
that is further used for chemotaxonomic identification.
3.1 Chemotaxonomic identification of the spores
A detailed graphical overview of the chemometric processing is given in figure 3.2.
After the elimination of interferences, a validation set of eight spectra was randomly selected
for identification from the whole dataset of 93 preprocessed spectra. In the remaining samples,
the calibration set, outliers were eliminated using Hotelling T2 values (autoscaled, 15 principal
components, 95 % significance level) and the spectra were subsequently autoscaled and rank-
reduced using principal components analysis (PCA-analysis) (15 PCs). Furthermore a linear
discriminant analysis (LDA) model is built using the calibration set to identify the genus or
species corresponding with the test-spectra. In a second step, this model is validated with the
test set, whose spectra are identified and logged. The results of a 10000-fold random
repetition of this procedure are summarised in table 3.1. As the spectra of Laccaria (7 spectra)
and Mycena (5 spectra) are small groups in the complete dataset, outliers are difficult to
identify and thus they can seriously distort the principal components space. Therefore,
identification results with and without Laccaria and Mycena spore spectra are included.
The results of identification in table 3.1 show that, based on Raman spectroscopy and
this chemometrical procedure, the genus can be successfully identified for approximately
90 % of the spectra. EMSC preprocessing using reference spectra gives the best results (91 %
success rate) and physical EMSC, SNV and no preprocessing are comparable (approximately
99
88 % success rate). This means that for successful identification, modelling of multiplicative
interference and chemical knowledge on the spore composition are needed to extract the
taxonomical information. However, calculation of the first derivative spectra using Savitsky-
Golay algorithm performs worse than applying no preprocessing. Adequate background
modelling (additive interference) can therefore not be obtained using the Savitsky-Golay
algorithm. In addition, this latter method rises spectral noise and identification results are
worse compared to the other preprocessing techniques.
In contrast to these promising results, it is not possible to identify the spores at the
species level using the applied chemometric preprocessing protocol (figure 3.2). Only EMSC
preprocessing using reference spectra is able to obtain some degree of success in species
identification (42 % positive identification), which is in clear contrast with the other
preprocessing methods (between 12 and 21 % positive identification). The failure of the
EMSC procedure using only physical corrections may seem remarkable. This is mainly due to
overcorrections and distortion of the principal components space, because the shape of the
Laccaria spore spectra is different from the shape of the spectra of the other genera. By using
Outlier elimination (based
on autoscaled spectra)
Autoscaling
PCA
LDA
Separate calibration and
validation set
Mathematical preprocessing
(savgol, SNV or EMSC)
Calculate mean spectrum +
remove spikes
Identify spectra
Apply mathematical model
Repeat 10000 times
Correct for dark noise, optics and
differences in detector response
Figure 3.2: Overview of the chemometric processing
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reference spectra of pure compounds that are present in the spores, the spore spectrum can be
modelled in a better way (42 % versus 21 % correct species identification) and spectral
distortions are minimized. These results also remain similar when the genera are included of
which only a few spectra could be collected. This indicates that the used chemometric
preprocessing protocol is quite robust: in the case of few data, it is more difficult to
distinguish between outliers and good spectra and hence that there is a larger risk of removing
correct data. Other research groups reported on chemotaxonomic identification of yeasts and
bacteria on the species or strain level(68, 69, 71, 83, 120, 121, 122). A direct comparison of the success
rate of published chemometric identification protocols for bacteria, is not possible as bacteria
are prokaryotic cells, whereas fungi are eukaryotic. Hence, fungal cells have a more complex
composition. Chemotaxonomic studies of yeasts used microbial cultures grown under
carefully selected conditions. In this study spores of higher basidiomycetous fungi are used
which were collected from specimen in the field. This results in higher biological variation
and a lower success rate of the chemometric identification protocol.
Comparing methods for non-multiplicative (less than 20 % success rate) and
multiplicative interference correction (more than 20 % success rate) for identification at the
species level, the different preprocessing methods also indicate that correction of
multiplicative interference is necessary. It is clear that by ignoring any spectral preprocessing
or applying Savitsky-Golay preprocessing, the identification process is more a gambling
procedure based on, amongst others, spectral backgrounds.
In order to enhance the identification on the lower species level (approximately 41 %),
one should know why some thin-walled spores collapse and whether there is a clear
a) genus species
no preprocessing 82,3 % 18,3 %
Savitsky-Golay 75,9 % 17,7 %
SNV 83,4 % 18,6 %
EMSC (Physical corrections) 85,0 % 22,0 %
EMSC (Phys. corr. + ref. products) 86,4 % 32,3 %
b) genus species
no preprocessing 87,9 % 14,3 %
Savitsky-Golay 85,4 % 12,6 %
SNV 87,3 % 21,4 %
EMSC (Physical corrections) 88,3 % 21,2 %
EMSC (Phys. corr. + ref. products) 91,0 % 42,1 %
Table 3.1: Results of identification:
percent correctly classified spectra at the genus and species levels respectively. Results in a
were obtained including all genera, while in b the small groups of Mycena and Laccaria were
omitted (only Collybia/Gymnopus, Lactarius and Russula species were included)
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distinction in the overall chemical composition between thick-walled (e.g. Laccaria,
Lactarius and Russula) and thin-walled spores (e.g. Collybia and Mycena). In addition, other
collection methods and storage conditions for the spores could be used.
3.2 Spectral differences
The specimen in this dataset can be divided in different and not closely related taxa. The
mean spectra of spores of the different genera are presented in figure 3.3 and the positions of
the observed bands are given in table 3.2. As can be seen in this figure, the Raman spectra
contain several features that seem to be genus-related. Raman bands in the spectra of
Lactarius spores were discussed in detail before(31). The spectra of Lactarius (figure 3.3A) and
Russula (figure 3.3B) spores do not show obvious genus-related spectral differences and form
Lactarius Russula Laccaria Collybia Mycena Tentative band assignment(31, 86, 134)
405(mw) 404(w) Endocyclic deformations of saccharides
424(mw)
478(w) 477(w) 478(w) δ(CCC) of amylopectin
503(mw)
522(mw) 523(w,vbr) Exocyclic deformations of saccharides
547(w,vbr) 538(mw) Exocyclic deformations of saccharides
594(w,vbr) 597(w,vbr)
622(w) 622(w) Phenylalanine (skeletal)
644(w) 644(w) tyrosine (skeletal)
724(w) 726(w) 721(w) 721(m) 723(mw)
759(mw) 760(w)
782(mw) 781(w)
863(m) 862(m) 865(m) 854(m) 853(m) ν(CC), ν(COC) 1,4 glycosidic link
868(m) 870(m) 876(m) 877(m) 870(m)
887(m) 888(m) 888(m) 890(m) ρ(CH2)
910(m) 908(m) 913(m) ρ(CH2)
942(m) 941(m) 944(m) 934(m)
971(m) 971(m) 972(m) 970(m) 971(m) ρ(CH2)
1011(m) 1004(s) 1004(m) Tyrosine, trigonal ring breathing of
aromatic rings, chitin
1033(m) 1034(m) ν(CC), ν(CO)
1065(m) 1065(m) 1066(sh) 1066(m) ν(CC) , ν(CO)
1079(m ) 1079(m) 1085(sh) 1079(s) 1079(s) ν(CC) , ν(CO) fats
1110(m) 1106(vs)
1118(m) 1126(m) 1123(m)
1266(m) 1267(m) 1266(m) 1265(s) 1266(s) δ(=CH), amide III
1302(s) 1302(s) 1302(s) 1302(s) 1302(s) δ(CH2)n of alkyl chains
1341(sh) 1341(sh) 1342(m) 1337(s) 1333(m)
1366(mw) 1366(m) 1364(m) 1360(sh) 1362(m)
1441(vs) 1441(vs) 1440(vs) 1448(vs) 1442(vs) δ(CH2), δ(CH3)
1489(vs) 1582(w)
1603(vw) 1605(mw) 1605(w) Phenylalanine
1657(s) 1656(s) 1656(s) 1657(s) 1657(s) νcis(C=C), amide I
1744(mw) 1744(mw) 1744(m) 1740(w) 1743(mw) ν(C=O) esters, mainly fats
Table 3.2: Positions in wavenumbers of the Raman bands observed
in the spore spectra of Collybia, Laccaria, Lactarius, Mycena and Russula species
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the largest groups of spectra in our dataset. Spore walls of the Russulaceae are thick and the
spore spectra show mainly the Raman bands of lipids(31). The spores also have an amyloid
ornamentation, which can be observed through a backbone vibration band at 477 cm-1 of
amylopectin.
The Laccaria spore spectra (figure 3.3C) are comparable to the Lactarius and Russula
spore spectra, except for the presence of two features around 1106 and 1489 cm-1 of high
(sometimes variable) intensity. Carotenes, which generally have intense Raman bands in their
spectra, are not present because of the absence of features in the spore spectra between 1505
and 1550 cm-1, where the most intense Raman bands of carotenes are generally found(134). This
is supported by the fact that Laccaria spores are white. According to Socrates et al.(134) the
Raman band at 1489 cm-1 could be due to an aromatic (meta-substituted) or an ether
compound. The Raman band at 1106 cm-1 is found in chemical compounds containing
phosphates and aromatic ethers have strong Raman signals in this region as well (1020-
1120 cm-1: ν(COC)as of alkyl-aryl ethers(134)). The presence of an aromatic compound is
supported by the appearance of weak features near 1000 cm-1, but the Raman band at
1106 cm-1 can not be unequivocally attributed. In contrast to the Russulaceae, Laccaria and
Collybia spores are not amyloid and thus the spore spectra of these specimen do not show a
spectral band at 477 cm-1.
Collybia/Gymnopus (9 specimen, 17 spectra, figure 3.3D) and Mycena (figure 3.3E)
spores have thin spore walls. When examining these species, we observed several times that
the spore prints contained groups of spores that are stuck together. Furthermore, a separation
between spore walls and spore content was observed. To the best of our knowledge, this has
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Figure 3.3: Average spore spectra of Collybia, Laccaria, Lactarius, Mycena and Russula species
103
not been reported in the literature before. The same thing was observed with spores of
Amanita species that were not used for this research project. Infection can be excluded as a
possible reason for the breaking of spores as the use of sterile or non-sterile microscope slides
caused similar effects. For this research project, however, microscope slides were sterilised
prior to storage of spore prints and contamination was never observed. The spore spectra of
Collybia/Gymnopus and Mycena species are also more complex and show much larger
diversity than those of the other genera. The spectra look similar to bacterial spectra (see e.g.
Huang et al.(63), Hutsebaut et al.(66) and Maquelin et al.(86)) for sample spectra), because of the
presence of Raman bands at 520-540 cm-1 (very broad), 622 cm-1 (phenylalanine, skeletal),
643 cm-1 (tyrosine, skeletal), 721 cm-1 (adenine), 782 cm-1 (uracil), 1154 cm-1, 1604 cm-1
(phenylalanine) and 1616 cm-1 (tyrosine). In addition, the Raman bands in the spore spectra of
Collybia and Mycena are much less resolved. However, no bacterial infection was observed
by microscopy. The Raman bands in the spore spectra thus represent a larger amount of the
spore lumen (like nucleic acids and proteins) and Raman bands of fats (1064, 1266, 1440 and
1656 cm-1) are less intense. Collybia spores are smaller (generally 5 x 4 µm) compared to e.g.
Mycena (8 x 5 µm), Lactarius (8 x 6 µm), Russula (8 x 6 µm) or Laccaria spores (often
bigger than 8 x 8 µm).
The spectra of the genera under investigation clearly fall into three major groups
reflecting major differences in chemical composition. As can be deduced from the above
explanation, these compositional differences seem to have taxonomical relationships (family
Russulaceae versus Hydnangiaceae and Tricholomataceae). In the literature Mohaček-Grošev
et al. reported on collected Raman spectra of Amanita citrina, A. muscaria, L. deliciosus and
Macrolepiota procera(97). The spectral differences that they observed were small compared to
our results. In the spectrum of M. procera, the Raman bands around 1080 cm-1 are less
resolved compared to the other spectra they collected and a broad continuous feature between
1300 and 1440 cm-1 is present. In this research project the chemometric identification protocol
discussed in the previous section combines all spectral differences in our dataset and relates
them to taxonomic groups.
4 Conclusion
The combination of confocal Raman microspectroscopy and chemometrics has been
proposed as a novel method to identify higher basidiomycetous fungi. White or light coloured
spores of different genera are collected and their Raman spectra show distinct taxon-related
groups. Lactarius and Russula (family Russulaceae) spore spectra are mostly comprised of the
Raman bands of lipids and have the same visual appearance, whereas Laccaria (family
Hydnangiaceae) spectra contain two intense features around 1106 and 1489 cm-1 which could
not be attributed to specific molecules. Collybia and Mycena spore spectra instead contain
several Raman bands related to the spore lumen, such as nucleic acids and proteins. Thus, the
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Raman spectra clearly show differences in overall chemical composition. During these
investigations, collapsed spores and a separation between spore walls and spore content were
observed in spore prints of genera with thin spore walls. The reasons for this collapsing need
further investigation.
Chemometric preprocessing of the spectra is applied for chemotaxonomic identification.
Multiplicative interference correction is necessary and enhances the identification. An
identification where no spectral preprocessing is applied or an identification based only on
modelling of the background (e.g. by Savitsky-Golay preprocessing) fails. EMSC
preprocessing using reference spectra gives the best results and is able to predict the genus in
approximately 91 % of cases, while identification of the species is currently not possible using
the applied methods.
CHAPTER IV:
Raman spectroscopic monitoring of
Lactarius latex
Based on the paper: De Gussem K., Verbeken A., Vandenabeele P., De Gelder J. and Moens L. (2006). Raman
spectroscopic monitoring of Lactarius latex. Phytochemistry, 67: 2580-2589
Raman spectroscopy is especially suited for the continuous monitoring of chemical reactions.
This ability is applied on the latex of Lactarius species, in which a lot of reactions occur after
release. However, the reaction patterns can be quite complex and 2D correlation analysis
(discussed in section 5.2 on page 66) is a powerful and complementary technique for this type
of research. The spectral database discussed in chapter III of part I was used for the
interpretation of the spectra.
Abstract:
Lactarius is a genus of Basidiomycotina with mainly agaricoid representatives, which
are characterised by the excretion of a typical milky fluid. In particular, the colour,
colour changes and taste of this latex-like milk are often used as a taxonomically
important character. When it is exuded several chemical reactions occur. To date, NMR
spectroscopy is generally used for chemical investigation of this latex. However, as a
vibrational technique Raman spectroscopy has several advantageous properties for this
type of research.
The aim of this study is to investigate whether Raman spectroscopy can be used as an
alternative analytical technique to monitor the chemical reactions in Lactarius latex.
Therefore, this paper presents the first Raman spectra of Lactarius latex and provides an
interpretation of the Raman bands that are present. L. lacunarum latex spectra are
thoroughly investigated by 2D correlation analysis and are compared with latex spectra
of other species (L. chrysorrheus, L. deterrimus, L. fluens, L. glyciosmus and
L. salmonicolor).
Keywords: Lactarius; Russulales; Basidiomycotina; Latex; Chemical analysis; 2D
correlation; Raman spectroscopy
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1 Introduction
For centuries, the systematic study of higher fungi has mainly been based on
macromorphological (e.g. dimensions, colour, type and shape of sporophores) and various
microscopical characters (e.g. the arrangement of hyphae in different tissues and the form of
structures dedicated to sexual and asexual reproduction)(13). One particular character of the
genus Lactarius is that all species of this genus exude a typical milky fluid when their
basidiocarps are broken. Depending on the species, this milky fluid or latex may taste mild or
acrid and may be white or coloured (orange, yellow, etc.) or may have a changing colour, thus
providing important taxonomical information(60). The latex is produced in the lactiferous
hyphal system, consisting of rather broad hyphae present in the whole basidiocarp. The latex
is a complex mixture of metabolites and is mainly of sesquiterpenoid origin. Interestingly, the
compounds in the latex of a Lactarius species are thought to be formed from one single fatty-
acid precursor in the latex(58), although this precursor may vary for different species. It was
stated that the precursors can be divided in different groups: chromene derivatives are
detected in L. section Plinthogali; fatty acid esters of velutinal are found as precursors in
another large group (L. section Albati and L. section Lactarius); in the subgenus Piperites,
guaiane sesquiterpenes are found in L. section Deliciosi, while other sections in this subgenus
are not profoundly investigated. All precursors are inactive forms of metabolites and are
stored in the undamaged lipid layers of cell membranes(24).
After release from the injured fruit bodies, several enzymatic induced transformations
occur in the latex(19, 25, 58). These reactions include amongst others oxidation, lactonisation,
aldol condensation and formation or breaking of carbon-carbon double bonds. For example,
guaiane sesquiterpenoids frequently undergo colour changes due to enzymatic induced
reactions, while chromene derivatives may turn reddish and bitterly acrid(58). The produced
metabolites may be interesting for the pharmaceutical industry, such as velutinal based
sesuiterpenes that often have 1,4-dialdehyde functional groups. These are frequently bioactive
with either antimicrobial, cytotoxic, antifeedant or mutagenic activity(47, 58, 139). As an example,
Daniewski et al.(24) have observed that isovelleral, found in e.g. L. vellereus, possesses
important bacteriostatic and mutagenic activities against storage pests such as Tribolium
confusum. It has therefore been suggested that the latex is part of a chemical defence system
against parasites and predators(138). This way, the latex can serve as a storage medium for
labile compounds(10). While colour changes may frighten fungivores, acrid tastes are often
avoided by attacking organisms.
Analysis of the chemical composition as well as chemical reaction monitoring was
performed using 1H and 13C NMR spectroscopy. In these studies(6, 19, 24, 25, 27, 47, 49, 58, 137, 138, 139),
chromatographic techniques such as thin layer chromatography (TLC) or high performance
liquid chromatography (HPLC) were also used for separation of the different sesquiterpenoid
compounds. Individual compounds were characterised and quantified in order to analyze the
107
chemical pathway and quantify the reaction rates. This way the chemical basis of taxonomic
characters could be deduced and chemotaxonomic characters were used to support taxonomic
investigations. Clericuzio and Sterner(19) also performed molecular mechanics calculations in
their study, to predict the structure of stable conformations of the sesquiterpenoids. In
addition, De Bernardi et al.(26) synthesized and characterised the different compounds and
completely determined the reaction pathway of L. fuliginosus and L. picinus.
In previous studies, a time-consuming and demanding sample preparation was often
necessary prior to analysis and therefore the chemical composition in Lactarius latex was
monitored discontinuously. Raman spectroscopy is an analytical technique which possesses
some advantageous properties for reaction monitoring(94) as this vibrational spectroscopic
technique offers fast and non-destructive analysis of the chemical composition, while only a
limited sample preparation is necessary. In addition, the Raman spectrum of water is weak and
barely interferes with the measurements. Raman bands of most chemical compounds are
narrow, which is advantageous for the analysis of complex mixtures. A disadvantage of
Raman spectroscopy in comparison with other studies is the fact that exact structure
elucidation is not possible. Therefore Raman spectroscopy should be regarded as a
complementary technique to NMR- and mass spectroscopy. Due to instrumental progression
in the last two decades, Raman spectroscopy became available for the demanding analyses of
biological materials and liquids, such as Lactarius spores(31).
Raman spectroscopy is used in this study to investigate Lactarius latex and its reactions.
Chemical reactions are time related phenomena and so the Raman spectra of a reaction
mixture reflect the chemical composition at each moment. 2D correlation analysis is a
mathematical technique which was first developed by Noda et al. in 1986 for infrared
spectroscopy and was generalized and extended by several authors(105). As outlined in part II
chapter I, 2D correlation analysis is applicable to all kinds of spectroscopic data and is
especially suitable for the analysis of time correlated phenomena or correlations between
samples. In general, 2D spectra are represented as contour plots, from which the symmetry
axis, also called the power spectrum, shows time correlated spectral features (e.g. Raman
bands). Off-axis signals indicate whether changes in one spectral feature correlate with
changes in other features. A positive off-axis peak indicates that two features increase or
decrease together (positive correlation), while a negative 2D synchronous peak indicates that
one feature increases while another one decreases in intensity (negative correlation). Next to
these 2D synchronous spectra, 2D correlation analysis also results in 2D asynchronous spectra
that are useful to analyse whether intensity changes in spectra are a result of the same reaction
(features change in-phase, at the same time) or not (features change out-of-phase, at different
moments).
The aim of this study is to investigate whether Raman spectroscopy could be used to
monitor the chemical reactions in Lactarius latex after its release from the basidiocarp. This
project is a first step in the analysis of chemical reactions of Lactarius latex using Raman
spectroscopy. This paper presents Raman spectra of Lactarius latex, along with the attribution
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of some Raman bands to chemical compounds. The chemical reactions of L. lacunarum latex
are analysed in detail by 2D correlation analysis and its spectral changes are compared with
those of other species.
2 Experimental
2.1 Instrumentation
A Kaiser System Hololab 5000R modular Raman spectrometer (f/1.8) was used. Using
an excitation wavelength of 785 nm, samples are exposed to laser light with a net power of
35-40 mW at the sample. The laser (Toptica Photonics AG, Martinsried/Munich, Germany) is
coupled to the microscope and spectrograph by means of optical fibres (15 µm aperture
pinhole). 1 min acquisition time was used for recording all spectra. The system includes a
100x objective lens (PL Fluotar L, 100x/0.75, W.D. 4.7 mm, Leica) to focus the laser light on
the sample, a HoloSpec VPT System spectrograph and a back-illuminated deep depletion
CCD for detection of the scattered photons. The spectrometer has a resolution of
approximately 4 cm-1 and the standard deviation on the determination of band positions is
approximately 0.3 cm-1.
2.2 Samples and spectral acquisition
Fresh specimens were collected in the field at different locations in Flanders (Belgium).
To collect the latex from the specimen, a small part of the pileus was cut out. Drops of the
latex were collected on a CaF2 slide and when the layer was too thick, the latex was smeared
out. As the reactions in the latex are enzymatic transformations, a sufficient concentration of
enzymes should be present in the latex. This was achieved by adding a small part of a lamella
to the drop of latex or by cutting the pileus at the cutting faces a few times using a scalpel and
rinsing the scalpel with the latex. Both methods can be practiced and for each specimen the
most appropriate method was used. Once the sample was mounted in the spectrometer, spectra
were collected with an integration time of 1 minute at different locations to eliminate
excessive heating effects and laser-light induced reactions. The following samples were used
in this research project:
L. chrysorrheus, Belgium, Dourbes, Tienne aux Pacquis, with Quercus and Fagus, calcareous soil, IFBL
J5.31.43, 19-09-2004, KDG 2004-26
L. deterrimus, Belgium, Hautes Fagnes, rés. for. Ruhrbush (Butgenbach/Elsenborn), road side with Picea,
IFBL G8.25.22, 15-09-2004, KDG 2004-21
L. fluens, Belgium, La Reine Pédauque, IFBL H6.28.44, under Fagus, 16-10-2005, KDG 2005-66 (GENT)
L. glyciosmus, Belgium, Fort van Steendorp, IFBL C4.54.11, in grass field with Betula, 10-10-2005, KDG
2005-53
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L. lacunarum, Belgium, Ghent, university campus De Sterre, IFBL D3.22.43, in grass field with Betula, 24-
10-2005, KDG 2005-76 (GENT)
L. salmonicolor, Belgium, La Reine Pédauque, IFBL H6.28.44, under Picea, 16-10-2005, KDG 2005-75
(GENT)
All specimens are kept in the herbarium of Ghent University (Herbarium Universitatis
Gandavensis, GENT, Belgium). The fatty acids stearic acid and myristic acid were obtained as
reference products from Sigma-Aldrich and had purity higher than 99%.
2.3 Instrument calibration
The Holograms 4.0 software, which was delivered along with the Raman spectrometer,
was used for spectral recording. The spectra were exported to MATLAB 6.5 R13 (the
MathWorks, Inc.) where the calibration was performed using the method outlined by
Hutsebaut et al.(67). For accurate Raman shift calibration 4-acetamidophenol,
acetonitrile/toluene (50/50 v/v), 1,4-bis-(2-methylstyryl)-benzene, cyclohexane, naphthalene,
polystyrene and sulphur were used. Spectra were corrected for dark noise and optics.
Subsequently, an intensity-calibration has been performed using the known wavelengths of
the atomic lines from neon and a well calibrated tungsten bulb of Optronic Laboratories, Inc,
Orlando, USA. operating at 6.500 A.
2.4 Data preprocessing
The baseline of the calibrated spectra is substracted automatically using an iterative
polynomial fitting procedure outlined by Lieber et al.(78). For this background subtraction
algorithm, 200 iterations and a fifth order polynomial were used.
2.5 2D correlation spectroscopy
2D correlation analysis was performed using in-house written MATLAB routines. In
order to correct for possible differences in collection intervals of the spectra, 2D correlation
analysis for unevenly spaced data, using the Hilbert transform method, was used(105). Prior to
2D correlation analysis, the spectra were mean-centred.
3 Results and discussion
De Bernardi et al.(27) reported different types of sesquiterpenoid precursors in Lactarius
latex and our data of L. lacunarum latex seem to correspond with a fenolic fatty acid ester
(molecule 3 in De Bernardi et al.(27)), which was found in L. fuliginosus (L. section
Plinthogali). Based on the observed reaction pattern and a band assignment(134) of the Raman
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bands affected by the chemical reactions, the precursor in L. lacunarum latex (L. section
Russularia) is proposed to be similar to the molecule in figure 4.1.
3.1 Chemical reaction monitoring
Figure 4.2 clearly illustrates the chemical changes in Lactarius latex as observed in the
Raman spectra. Background subtracted L. lacunarum latex spectra, which are collected at
different moments after exudation, are presented. In these spectra, many bands can be
observed which change in intensity over time and the molecular functional groups responsible
for these Raman bands are thus affected by these chemical changes.
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Figure 4.2: Overview background subtracted L. lacunarum latex spectra, including postitions of the discussed signals
(when a Raman band shifts, its finishing position is given)
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Many bands e.g. at 907, 1004, 1063, 1092, 1130, 1420, 1564, 1592 and 1698 cm-1
appear during the experiment or are characterised by an increasing intensity over time. These
phenomena are characteristic for molecular groups which are formed. In addition, Raman
bands below 550 cm-1, between 750 and 900 cm-1 and between 940 and 1000 cm-1 have
generally a decreasing intensity. These signals are indicative for functional groups which
disappear due to reactions. Next to the clearly appearing and disappearing Raman bands, there
are different Raman bands subject to band shifting. Examples of shifting bands can be
observed at 590, 810, 1171, 1300, 1335, 1378, 1445 and 1457 cm-1 which are found at the end
of the experiment at 596, 814, 1177, 1296, 1340, 1372, 1441 and 1462 cm-1 respectively.
These shifts are generally due to slight modifications of the functional group or to
modifications in the near environment of the functional group responsible for the Raman
band.
Based on different experiments with L. lacunarum, we conclude that the occurring
reactions are reproducible, although reaction rates may vary from run to run as well as from
specimen to specimen due to factors such as the age of the collected specimens(27). Reactions
in L. lacunarum latex are completed in 12 to 15 minutes, after which only minor differences
between spectra due to inhomogenities in the latex can be observed. On a longer timescale
(more two hours), the fluorescence background rises, which can be due to polymerisation as
observed by Gamba-Invernezzi et al.(47) for farnesane sesquiterpenes in L. porninsis.
3.2 2D correlation analysis of Lactarius lacunarum latex
2D correlation analysis was performed on the latex spectra in order to study spectral
changes due to the chemical transformations in the latex. It is known that 2D correlation
spectra are dependent on the mathematical preprocessing used(105). It was observed that the
main factor leading to uninformative spectral changes was a drift of the fluorescence
background. Lieber et al.(78) reported that often the fluorescence background of biological
samples can be modelled mathematically by fitting a fifth order polynomial through the
spectra. The fluorescence background was thus subtracted by using an iterative polynomial
fitting routine (5th order, 200 iterations). In addition to background subtraction, we found that
by using mean-centred spectra, the chemical modifications were more clearly visible.
Normalisation pre-treatment was not used, since this occasionally can introduce artefacts due
to the formation of intense Raman bands for some latexes. Since dispersive Raman spectra
may also contain spikes, spectra containing spikes were not included in the analysis and
therefore 2D correlation analysis for unevenly spaced data was performed. Typically three
spectra out of 50 had to be removed.
Figure 4.3a shows a contour plot of the 2D synchronous signal of L. lacunarum latex.
This plot shows several distinct features on its symmetry axis, which indicate the position of
the Raman bands affected by the chemical changes. On this power spectrum presented in
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Figure 4.3: 2D synchronous (A) and asynchronous (B) spectra of L. lacunarum latex
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figure 4.4, one finds the time-correlation of the spectral changes of which the intensities are
proportional to the time-correlation. The contours in figure 4.3a show large intensity changes
in Raman bands at 1130, 1296, between 1420 and 1470 cm-1 and at 1592 cm-1. Most bands are
well resolved and can be attributed to single functional groups, except for the broad feature
between 1630 and 1690 cm-1. As off-axis features in the 2D synchronous spectrum indicate
which chemical modifications are related to each other, careful examination may explain the
shape of the feature between 1630 and 1690 cm-1. Unfortunately, the contours of the features
in this range are not very detailed. The individual latex spectra however reveal that there is a
feature near 1660 cm-1, which seems to be slightly increasing over time (and hence signals
appear around 1660 cm-1 in the 2D spectra). Close to this Raman band, shoulders appear near
1636-1640 cm-1 and around 1672 cm-1. As a result, at the end of the experiment a broad
continuous feature between 1630 and 1690 cm-1 is observed.
The synchronous slice spectrum for each frequency gives additional information on the
reaction pathway. Figure 4.5 presents the slice spectra at 490 and 1130 cm-1 as represented by
the dashed lines in figure 4.3a. The Raman band at 490 cm-1 is not strongly time correlated,
while the correlation plot of the Raman band at 490 cm-1, shown in figure 4.5b, thus consists
of broader and less intense signals than the correlation plot of the Raman band at 1130 cm-1.
Because of the intensity and the presence of well-resolved signals, 1130 cm-1 is therefore
chosen as an example for the examination of the off-axis features of the 2D synchronous plot.
For example, the positive feature at (1064 cm-1, 1130 cm-1) indicates that the Raman bands at
1064 and 1130 cm-1 correlate positively. A further signal is found at (1092 cm-1, 1130 cm-1)
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Figure 4.4: Symmetry axis signal of the 2D synchronous spectrum (power spectrum) of
L. lacunarum latex
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revealing that the Raman band at 1130 cm-1 is not only positively correlated with the Raman
band at 1064 cm-1 but also with the Raman band at 1092 cm-1 as well. Further along the line at
1130 cm-1, many more signals are found at the position of Raman bands affected by the
chemical reactions. Moreover, when the whole 2D synchronous plot of L. lacunarum latex is
taken into account, it is clear that the spectral changes in most of the Raman bands are related.
This indicates that there occur only a few chemical reactions in the latex. As a result, the most
important information for the 2D synchronous spectrum can be drawn from the power
spectrum given in figure 4.4.
Table 4.1 lists the Raman bands affected by the chemical reactions in the L. lacunarum
latex. As can be seen, the majority of Raman bands higher than 1000 cm-1 have an increasing
intensity, while in general Raman bands below 1000 cm-1 have a decreasing intensity. Of
particular interest are the Raman bands at 1063, 1092, 1130 and 1296 cm-1. This is a
characteristic pattern for the formation of saturated fatty acids, as the 1296 cm-1 band is
characteristic for CH-bending vibrations of saturated alkylchains. In addition, it is known
from the literature that precursors of the active terpenes are stored in the latex as esters of fatty
acids, including stearic acid, oleic acid, linoleic acid and palmitic acid esters (Hansson et al.,
1995; Clericuzio et al., 1997). As an example, stearoylvelutinal was reported as the fatty acid
precursor in L. vellereus and L. bertillonii. The Raman band positions of stearic acid (18
C-atoms in alkylchain) correspond with the 1063 and the 1130 cm-1 Raman band. However,
no intense Raman band of stearic acid can be observed at 1100 cm-1 in L. lacunarum latex
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Figure 4.5: A) Slice spectrum at 1130 cm-1. B) 6 times magnified slice spectrum at
490 cm-1, offset of half the maximum correlation at 1130 cm-1
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spectra. This is a clear indication of the absence of stearic acid as the protecting fatty acid.
Instead, the Raman bands at 1063, 1092 and 1130 cm-1 are representative of myristic acid (14
C-atoms in alkylchain).
Next to the Raman bands between 1060 and 1130 cm-1 several Raman bands are
affected by chemical transformations. They include the typical Raman bands of functional
groups of aromatic molecules at 543, 590, 890, 907, 1004, 1046, 1564, 1592, 1665 and
1672 cm-1. The Raman bands at 907, 1665 and 1672 cm-1 are characteristic of substituted
Frequency Time
correlationa
Reaction
sequenceb
Band assignment
368  - 4
436  - 4
490  - 4
515  - 4
543  - 4 substituted aromatic rings
590  S 4 substituted aromatic rings
764  - 4
792  + 1
810  S 4
871  - 4
890  - 4 out-of-plane δ(CH) bending vibrations of meta- or tri
substituted aromatic ring with ester substituent
907  + 1 out-of-plane δ(CH) bending vibrations of aromatic ring with
alcoholsubsituent
931  +
965  - 4
990  -
1004  + 4 CH in-plane deformation of ortho, meta and tristituated
aromatic rings
1046  + CH in-plane deformation of ortho, meta and tristituated
aromatic rings
1063  + 1 alkylchain of myristic acid
1082  - 4
1092  + 1 alkylchain of myristic acid
1130  + 1 alkylchain of myristic acid
1177  S 2
1296  s 1 δ(CH) bend of saturated fatty acids
1340  S 4
1372  s 1 myristic acid
1420  + 1 δ(CH2), δ(CH3) bend
1441  s 1 δ(CH2), δ(CH3) bend
1462  S 1 δ(CH2), δ(CH3) bend
1564  + 2 ν(C=C) stretch of aromatic rings
1592  + 3 ν(C=C) stretch of aromatic rings
1636-1640  + 2
1665  + 2 ν(C=C) stretch of phenols and trialkylalkenes
1672  + 3 ν(C=C) stretch of phenols
1698  + 1
a
 +: band shows an increasing intensity over time, -: band shows a decreasing intensity over time, s: in addition to
intensity differences, the Raman band is shifted to lower wavenumbers, S: in addition to intensity differences, the
Raman band is shifted to higher wavenumbers
b
 equal numbers indicate that spectral changes occur simultaneously
Table 4.1: Symmetry axis signal of the 2D synchronous spectrum of L. lacunarum latex:
tentative assignment of time-correlating Raman bands(134)
116
phenols and show an increasing intensity. Around 1714 cm-1 a very weak Raman band,
characteristic of ester groups, is present at the beginning of the experiment. It disappears
completely after a few minutes (not visible in the 2D spectra), while a band at 1698 cm-1 is
formed. Although the signal at 1698 cm-1 can not be assigned unambiguously, it is probably
due to the formation of a COOH group. Because, besides free phenols, myristic acid is
formed, it can be considered that an ester splitting reaction of an aromatic terpenoid precursor
occurs.
Figure 4.3b presents the asynchronous contour plot corresponding with figure 4.3a. This
asynchronous 2D spectrum gives time related information and can be used to reveal the
sequence of the spectral changes. Figure 4.3b shows its highest intensity signal around
1590 cm-1, indicating large spectral differences in this region, which occur out-of-phase
compared to the other intense Raman bands. More careful inspection of the signals in the
asynchronous 2D plot, at the frequencies given in table 4.1, reveals that these signals can be
considered as four distinct groups and a few loosely related signals. It can be concluded that
the spectral changes of the frequencies in each different group occur simultaneously and hence
these groups represent different chemical reactions. The first group of Raman bands is formed
by the signals at 792, 907, 1063, 1092, 1130, 1296, 1372, 1420, 1441, 1462 and 1698 cm-1.
These frequencies correspond with the enzymatic induced ester splitting reaction, including
related structural changes, of an aromatic compound and the formation of myristic acid. The
second group is formed by the signals at 1177, 1564, 1636 and 1665 cm-1 which are a result of
chemical reactions of the substituents of aromatic rings. Raman spectroscopy, however, is not
product specific as the signal around 1665 cm-1 could also result from reactions at double
bounds. The third group of signals is formed by the Raman bands at 1592 and 1672 cm-1 and
is caused by chemical transformations of phenols and double bounds. The fact that these
Raman bands show an increasing intensity might indicate the formation of a phenol group,
originating from e.g. the splitting of an ether group. The fourth group of closely related
Raman bands is composed of the bands at 368, 436, 490, 515, 543, 590, 764, 810, 871, 890,
965, 1004, 1082 and 1340 cm-1. These bands are in general only slightly time correlated,
indicative for some minor structural changes. They are characterised by a decreasing intensity
or a shift in their Raman wave numbers. The high-intensity of the Raman band at 890 cm-1 is
the only exception and is currently under investigation. By using the signs of the asynchronous
features, it can be concluded that the chemical reactions in L. lacunarum latex start with an
ester splitting reaction (group 1 of Raman bands). This reaction is followed by chemical
transformations of the terpene’s aromatic ring (group 2 and/or group 3) and a double bond
(group 3). Finally, reactions are slowing down and are eventually terminated (group 4).
3.3 Explorative inter-species comparison of Lactarius latex Raman spectra
The chemical composition of Lactarius latex and its relationship with taxonomic
grouping are subject to investigation. The majority of research projects concentrated on
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species with coloured latex. L. lacunarum has white latex and the only observable change is a
slow yellow staining when it is brought on a white handkerchief.
It can be noticed that in investigated cases, Lactarius latex spectra are similar. The
reaction affected Raman bands of L. lacunarum (L. section Russularia) and L. glyciosmus
(L. section Colorati) therefore give rise to similar 2D patterns (Figs. 4.6b and 4.6c). Taking
repeated measurements into account, a notable difference however, is the shape of the
1665 cm-1 Raman band which is well resolved in the case of L. glyciosmus. Further spectral
differences are shifts in the 515 and 590 cm-1 bands of L. lacunarum latex, which are
respectively found at 517 and 596 cm-1 in the case of L. glyciosmus. In addition, signals at
1177, 1564 and 1592 cm-1 are absent in the 2D contour plots of L. glyciosmus.
The most obvious spectral difference between L. lacunarum latex and L. fluens
(L. section Glutinosi, Fig. 4.6d) is the formation of a small Raman band at 1103 cm-1 instead
of a larger Raman band at 1092 cm-1, which is a clear indication of the absence of myristic
acid as protecting fatty acid of the terpenoid precursor. Furthermore, a high intensity band at
1666 cm-1 is observed in the latex of L. fluens, indicative for a higher amount of reacting and
substituted double bonds in the latex molecules. These spectral differences are also
macroscopically clearly visible: while L. lacunarum latex is white, L. fluens has white latex,
which is slowly turning brownish. Nevertheless, the aromatic content of L. fluens latex is
confirmed by Raman bands at 790, 891, 907, 1003 and 1043 cm-1, although with a different
intensity compared to L. lacunarum.
L. chrysorrheus (L. section Zonarii) latex has a white colour when exuded, but turns
yellow after a while. 2D spectra of its latex (Fig. 4.6a) are completely different compared to
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Figure 4.6: Symmetry axis signal of the 2D synchronous latex spectra (power spectrum) of different
Lactarius species
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L. lacunarum, L. glyciosmus and L. fluens. Very intense signals are observed at 1567 and
1598 cm-1, whereas no typical Raman bands of aromatic compounds are observed at 543, 590,
1004 and 1046 cm-1. The observed Raman spectra likely result from farnesane sesquiterpenes,
which were reported from L. porninsis (L. section Zonarii)(47).
L. salmonicolor (L. section Deliciosi) latex (Fig. 4.6e) is brightly orange-red coloured,
which is reflected in the Raman spectra as well. These are dominated by Raman bands at 1505
and 1650 cm-1. The former could be due to carotenoids having a long-chain of (possibly 13)
conjugated carbon-carbon double bonds(156). Bergendorff and Sterner(6) found, however, highly
unsaturated and cyclic azulene structures in the latex of L. deliciosi and L. deterrimus (both
L. section Deliciosi). The latex of L. salmonicolor has therefore a totally different composition
which is confirmed by a disappearing Raman band at 1022 cm-1 and the formation of Raman
band at 1274 cm-1.
The latex of L. deterrimus (L. section Deliciosi, Fig. 4.6f) is bright red coloured and the
Raman bands which show the highest time-correlation are observed at 1023, 1476, 1505, 1637
and 1650 cm-1. As the Raman spectra of latexes of L. deterrimus and L. salmonicolor show
similar chemical characters, it can be considered that the sesquiterpenoid precursor has a
totally different organic skeleton (azulene skeleton) compared to the other species inspected.
The existence of different types of sesquiterpenoid precursors and the linkage to taxonomic
groups, was also reported previously in NMR-spectroscopic studies(58).
3.4 Method evaluation
The chemical modifications in Lactarius latex may be difficult to reproduce, because
they are induced enzymatically. The latex is most efficiently collected by cutting a small part
from the pileus of a young specimen. A lot of latex drops can often be collected from the
cutting face and were transferred directly to a CaF2 slide. However, when no precautions were
taken and when only latex is a transferred, no chemical modification can be observed at all.
This is a confirmation of the presence and necessity of enzymes and is of importance when
unreacted Lactarius latex has to be observed. Thus when the latex is not in contact with (parts
of) the basidiocarp, no reactions are observed. We therefore found during the experiments that
the most critical part was to find a method to transfer reproducible amounts of enzymes and
latex to a CaF2 slide, which will be further explained. Another important factor is that during
the experiment, the latex is drying. This may bring the latex out of focus as well as it may
prohibit the chemical reactions, since the mobility of reagents lowers the speed of the
reactions.
Sterner et al.(137) noticed that the chemical reactions in the latex could be induced with
silica gel or polar solvents such as acetone or methanol. This was merely a side effect of
chromatography, but these polar solvents could eventually be used to study the latex.
Moreover in previous studies(6, 19, 25, 26, 27, 47, 58, 138) latex was extracted using ethanol,
ethylacetate, hexane or dichloromethane. That way, other terpenes which are not present in the
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latex could be analysed and detected as well. We preferred not to use solvents in our
experiments, as this might lead to unwanted side reactions.
Because solvents could induce side reactions, the natural situation was approximated as
much as possible in this research project by adding a small part of a lamella to the drop of
latex. Lipases and other enzymes, which are responsible for the chemical modifications, are
present in the cell walls of specialised hyphae(24). The enzymes are therefore shielded and
separated from the latex in the latex hyphae (figures 1.7 and 1.6 in part II). Contact of exuded
latex with the bruised fungus body (part of lamella) starts the reactions (compare figures 1.6
and 1.8 in part II). Alternatively, the enzymes of the fungus can be transferred by cutting the
pileus at the cutting face a few times using a scalpel, while afterwards the scalpel is brought in
contact with the latex by dipping it in the latex. Subsequently the sample was brought in the
focus of the laser beam.
Taking possible issues related to the drying process into account, a medium-thick layer
of latex was guaranteed. To anticipate focus problems due to latex drying, the autofocus
function of the spectrometer in the Holograms software was used. Thus, we were able to
analyse Lactarius latex reproducibly.
4 Conclusion
It can be concluded that Raman spectroscopy is perfectly able to monitor chemical
reactions in Lactarius latex. By using 2D correlation analysis of the Raman spectra, the
reaction patterns in L. lacunarum latex are investigated. Four major clusters of functional
groups are affected by the chemical reactions, indicating at least four successive chemical
reactions. The reaction pathway of L. lacunarum latex starts with an enzymatically induced
ester splitting reaction forming myristic acid and the bioactive aromatic compound. Raman
spectra of Lactarius latex of different species are comparable, although notable spectral
differences can be observed. Raman spectroscopy can be thus used to scan the chemical nature
of the latex sesquiternoids. Therefore, Raman spectroscopy can be regarded as a novel
chemical tool for the analysis of Lactarius latex.
5 Notes on this publication
This chapters discusses the applicability of Raman spectroscopy for the analysis of pure
and isolated Lactarius latex in standardised lab conditions. In the applied method, the first
Raman spectrum could be obtained after three to four minutes, which is the time it takes to
collect the latex, to harvest the enzymes for the reaction as well as the time to focus the
sample adequately. The changes in chemical composition in these first minutes could
therefore not be monitored and one always starts with a (moderately) complex mixture of
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sesquiterpenes. However, confocal Raman spectroscopy is also able to collect spectra of
single cells(65, 121). Spectra could eventually be collected from the latex hyphae in fresh
specimen and compared with the first Raman spectra (see also figures 1.7, 1.6 and 1.8 in
part II chapter I) collected using the method described here. The biggest advantage of Raman
spectroscopy for the analysis of Lactarius latex is thus the ability to continuously monitor the
spectral differences from the moment the latex is released until it is completely dry. The
biggest disadvantage are the limited capabilities of Raman spectroscopy for structural
analysis. So this technique should be considered complementary to other spectroscopic
techniques such as NMR spectroscopy and, in a more distinct future, quantumchemical
calculations for the prediction of Raman spectra
Latex can be easily harvested from fresh specimen. However, after a storage period of a
few days, it becomes increasingly difficult to collect latex as well as it is more difficult to start
the chemical modifications to the latex precursor. In addition to monitoring latex from release,
spectral changes resulting from adulteration could also be investigated. 
In addition to the study of the chemical reactions, other opportunities for Raman
spectroscopic research (and chemical research in general) are found in the elucidation of latex
properties and their relation with chemical compounds in the latex as well the role with the
chemical defence system of Lactarius species(136, 138).
PART III:
RAMAN SPECTROSCOPIC STUDY OF
WOOD AND WOOD FUNGI
CHAPTER I:
Raman spectroscopic study of wood
inhabiting fungi
In chapter I of part I, the opportunities of Raman spectroscopy were discussed. One of the
applications of Raman spectroscopy that might be of economical importance is the analysis of
moulds. In this chapter, Raman spectra of mycelium cultures are investigated, with special
attention to woodrot fungi. This study is to be considered as an explorative research for
chemotaxonomical purposes of moulds and as a base for the study of decayed wood, of which
the results are presented in the next chapter (chapter II).
1 Introduction
Wood is a complex biomaterial with a high economic value that is frequently used as a
fuel, to produce paper, to build constructions, etc. Wood is susceptible to several types of
woodrot, which are gradually decaying wood. This happens unnoticed most of the time and
only in the more severe infections is wood subject to a colouration due to selective
disintegration of wood components and pigmentation of the fungus(16). The degradation of
wood lowers its value and renders it useless for building constructions as strength and stability
disappear. To start an infection, a relative humidity of around 30% is needed(16). However,
once the wood is infected, only 20% relative humidity is required for the fungus to decay
wood. Moreover, fungi, such as Serpula lacrymans, are able to transport nutrients and water
in their hyphae over large distances. Thus only small amounts of timber need to be exposed to
humidity to enable the decay of complete wooden structures. This biodeterioration causes
economic loss of billions of euros annually. To protect the wood from rotting, it is thus
covered with a hard protective layer of varnish that is generally composed of a drying oil, a
resin as well as a thinner or solvent. The latter evaporates after application.
The detection of woodrot is difficult: a mechanical stress test of a block of wood can be
performed and the strength may be compared with reference values. Microscopic investigation
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aThe mycelium cultures that were studied in this chapter were kindly provided by Jan
Bosselaers (Janssen Pharmaceutica N.V. - Preservation and Materials Protection), for which I
am very thankful.
is another possibility when the sample is prepared with a microtome and proper chemical
agents for selective sample colouration. However, these tests are not always applicable and are
generally only of use when the wood is seriously infected.
Therefore, it would be useful to have an analytical method at hand, which is easy to use
and generally applicable. For the protection and restoration of infected wood, it is often
necessary to know the type of wood decay: where brown rot fungi primarily degrade cellulose,
white rot fungi generally degrade cellulose and lignin (see also section 2.2 in the next
chapter). A spectroscopic technique that is able to analyse a sample on microscopic scale
without labourious sample preparation might be able to fulfill the needs. Raman spectroscopy
might be such a tool of analysis, because of the non-destructive nature, the fact that only small
amounts of sample are required and the relatively high information content of the Raman
spectra compared to similar techniques (more information on the properties of Raman
spectroscopy can be found in part I chapter I).
A first step in the development of a method based on Raman spectroscopy to
discriminate between infected and uninfected wood is the study of the Raman spectra of the
mycelia. Cultures of mycelia and yeast cultures of specific genera have already been analysed
by Clarke et al.(18), Huang et al. (64, 65), Maquelin et al.(69, 84) and Rösh et al.(121) for research on
life cycles as well as for taxonomic investigations. The point of view of the Raman
spectroscopic investigations performed in this PhD project is slightly different, because the
goal is to determine whether fungal markers could be detected in infected wood (see
chapter II). This is of importance for further taxonomical research in order to discriminate
between genera or species based on the Raman spectrum of the fungi.
This chapter presents the Raman spectra of mycelium cultures of several common wood
inhabiting fungi. These are used in the next chapter for comparison with infected wood, where
it is verified whether signals of the invading fungi can be detected in the Raman spectra of
infected wood. The spectral differences between the Raman spectra of the mycelia are studied
as an explorative research for taxonomic characterisation of mycelia. In addition, Raman
spectra of the basidiocarp of Trametes versicolor are investigated in this chapter and
compared with mycelia spectra.
2 Materials and methods
Mycelium of the wood inhabiting fungi Poria monticola, Coniophora puteana,
Gloeophyllum trabeum, Trametes versicolor and Pleurotus ostreatus were studied. Mycelium
culturesa were grown on Potato Dextrose Agar medium (PDA) at room temperature until
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enough mycelium was available to be harvested. Therefore, mycelium of P. monticola was
harvested three weeks after inoculation, C. puteana four weeks, G. trabeum four weeks and
T. versicolor three weeks after inoculation. The procedure that is described here, could not be
followed for the mycelium of Pleurotus ostreatus, because a lot of fluorescence in the spectra
was observed. As an alternative to mycelium cultured on PDA, mycelium was collected at the
outer side of an infected block of Fagus wood. 
For collection of the Raman spectra, mycelium was transferred onto a CaF2 slide. The
spectra were recorded with a Kaiser System Hololab 5000R modular Raman
microspectrometer. A 100x objective of the microscope (Leica) was used and the samples
were irradiated with 45 - 50 mW (at the sample) of red (785 nm) laser light. The system
contains a diode laser from Toptica Photonics AG, while the light is transferred to the
spectrometer and spectrograph by means of optical fibres. The scattered light was detected by
a back illuminated deep depletion Pelletier cooled (-70°C) CCD detector (Andor). For each
final spectrum, five spectra of mycelium were collected. Calibration was subsequently
performed by the method outlined by Hutsebaut et al.(67) in MATLAB. Spikes in the spectra
were removed and the average spectrum of the five processed spectra was calculated.
For the mycelium of P. ostreatus, a Raman spectrum collected at a single position is
discussed in contrary to the discussion of averaged spectra for the other mycelium cultures: a
few micrometers from where a high quality Raman spectrum could be recorded, the signal
was often overwhelmed by fluorescence.
The basidiocarp of Trametes versicolor was collected on a stump in the woods (Bois de
petit Han, Gore de Biron). Spectra were collected on a longitudinal section and on the
hymenium (at the under side of the basidiocarp).
3 Results and discussion
3.1 Study of the Raman spectra of mycelium cultures
Raman spectra of biocultures are often difficult to interpret as they contain lots of
overlapping bands. Thus, the collection of Raman spectra of mycelium cultures for species
characterisation requires special precautions. The measuring protocol must provide spectra
that are as reproducible as possible. During the life cycle however, the metabolite content
changes(121). Young cultures have a relatively simple cell composition, because food is
abundant and a relatively small amount of different metabolites is present. Thus, relatively
few different enzymes are needed to sustain life. After some time, however, hyphae come in
competition to ingest the necessary food products. In addition, other structures, such as for
species reproduction, are formed. As a result of the formation of secondary metabolites, the
complexity of the cell content rises and Raman spectra of the tissues become more complex
and less reproducible. However, the different species that were selected have different growth
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rates. Therefore, mycelium could not be harvested at the same moment and hence identical
growth conditions were not obtained for the current measurements. It proved during the
experiments that a lot of mycelium needs to be present before it can be harvested with an
inoculating loop prior to Raman spectroscopic analysis. Therefore, Raman spectra were
collected at different moments, from three up to four weeks, after inoculation.
Fluorescence was observed several times in the Raman spectra. This is a physical
phenomenon which has a much higher probability compared to Raman scattering. If present,
the fluorescence signal is generally more intense than the Raman signal(94) and is often due to
aromatic compounds. The amount of fluorescence is amongst others dependent upon the laser
wavelength. Red laser light was used which mostly gives fluorescence with coloured samples
ranging from green over brown to black. This was the case for mycelium of C. puteana (dark
orange brown) and G. trabeum (yellow-brown). In addition, T. versicolor cultures showed a
significant amount of fluorescence when illuminated with red laser light. This is likely due to
secondary metabolites, because although the mycelium is white, the top layer of the fruit body
is brightly coloured.
Below the Raman spectra of mycelium of P. monticola, C. puteana, G. trabeum and
P. ostreatus are discussed, whereas in the next chapter a comparison is given with the Raman
spectra collected from the basidiocarp of T. versicolor. By using a database of Raman spectra
of reference products (part I, chapter III), spectral bands could eventually be assigned to
specific compounds. The bands in the collected spectra are summarised in table 1.1.
a) Poria monticola mycelium
Figure 1.1 gives the spectrum of Poria monticola mycelium. This mycelium contains a
lot of saccharides as can be observed by the intensity of the Raman bands of endo- and
exocyclic deformation vibrations at 397, 429, 533 and 553 cm-1 and the broad band between
1040 and 1150 cm-1, which is due to ν(CC) and ν(CO) stretch vibrations. Of particular interest
is the high intensity of the Raman band at 1004 cm-1, characteristic for the aromatic amino
acids such as L-phenylalanine, of which another Raman band can be observed at 621 cm-1. In
addition, a shoulder of L-tryptophan and L-serine is present between 1008 and 1011 cm-1. This
observation is confirmed by the presence of a δ(CH2) vibrational band of medium intensity at
855 cm-1 (L-serine), 878 cm-1 (L-tryptophan), 968 cm-1 (L-serine) and 1379 cm-1
(L-tryptophan). A high amount of enzymes is necessary to support the bioactivity in actively
growing hyphae; hence the high intensity of this Raman band. The vibrations of the peptide
bond are visible at 1265 cm-1 (amide III) and 1657 cm-1 (amide I), although the higher
intensity of the latter is partly due to a higher amount of unsaturated lipids. The Raman bands
at 714 cm-1 (which has a shoulder near 718 cm-1; see figure 2.5 on page 85 and table 2.4 on
page 84) indicates the presence of unsaturated phospholipids in the P. monticola mycelium.
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Another Raman band at 1033 cm-1 due to asymmetric stretch vibrations of POC groups
is observed, that indicates the presence of phosphate containing compounds, such as
phosphoenolpyruvate(29). However, no sharp Raman bands can be observed between 1050 and
1130 cm-1 and no shoulder is observed at 1296 cm-1 (due to δ(CH2)n vibrations, see also table
3.2 on page 42). The bands in unsaturated fats are much broader and the intensity of the cis
double bond vibrations at 1265 cm-1 (=C-H bending) and 1657 cm-1 (ν(C=C)cis) have a higher
intensity with a higher amount of double bonds. 
Chitin, whose Raman spectrum is given in figure 3.8c on page 47, is a structural
polysaccharide that is generally found in fungi(14). However, no Raman bands at 1626 cm-1
(amide vibration), at 1107 cm-1 (strongest Raman band in the spectrum of chitin) are observed.
In addition, bands or shoulders at the positions of other chitin bands with medium to strong
intensity, such as at 499, 896, 955, 1329 and 1371 cm-1 could not be differentiated from the
background or Raman bands near these positions. Hence, chitin is not detected (see also
table 3.3 on page 45).
Nucleic acids are detected by the vibration band at 784 cm-1 which is due to cytosine and
uracil. Other bands of medium to high intensity are located at 905, 945, 1230 and 1343  cm-1.
b) Gloeophyllum trabeum mycelium
The spectrum of Gloeophyllum trabeum mycelium is presented in figure 1.2. The
Raman bands at 1130 and 1521 cm-1 are the most prominent. Characteristic Raman bands of
carotenoids are found in the regions 1000-1020 cm-1 (ν3 vibrations), 1100-1300 cm-1 (ν2
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Figure 1.1: Spectrum of Poria monticola mycelium (spectral acquisition time is 60 s)
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vibrations) and 1500-1600 cm-1 (ν1 vibrations)(95). The most intense bands in the spectrum of
G. trabeum mycelium are located at 1130 and 1521 cm-1. Because the intensity of the Raman
band at 1004 cm-1 is accordingly high, we can conclude that carotenoids are present in the
G. trabeum mycelium. This is supported by the yellow-brown colour of the mycelium at later
growth stages. According to Schulz et al.(129) the most useful Raman band for carotenoid
identification is the ν1 vibration band (at 1500-1600 cm-1). Although the Raman band at
1521 cm-1 corresponds with the carotenes lutein and α-carotene, the ν2 vibration band in the
Poria
monticola
Gloeophyllum
trabeum
Coniophora
puteana
Pleurotus
ostreatus
Tentative band assignment
397(mw) 402(m) endocyclic deformations of saccharides
423(m) chitosan
429(mw) 428(m) 432(m)
477(mw)
533(mw) 529(w) exocyclic deformations of saccharides
553(mw) exocyclic deformations of saccharides
596(w)
621(w) 617(w) L-phenylalanine (skeletal)
643(w) 644(w)
669(w)
685(w)
714(mw) 720(w) 715(w) 716(m) ν(CN): phospholipids/choline group
758(mw) 759(w) L-tryptophan
784(w) 782(w) 781(w) 781(w) cytosine, uracil, phosphoenolpyruvate
826(m)
855(m) 851(m) 856(m) ν(CC), ν(COC) 1,4 glycosidic link, L-serine
878(m) 875(w) ρ(CH2), L-tryptophan
898(m) chitosan
905(m) 913(m)
945(m) 947(m) 943(m) 937(m)
968(m) ρ(CH2), L-serine
986(m)
1004(s) 1004(m) 1004(m) 1004(m) trigonal ν(CC) ring breathing of aromatic rings:
L-phenylalanine, L-serine and L-tryptophan, δ(CH) of
carotenoids
1033(m) 1032(m) 1035(m) 1037(m) ν(CC), ν(CO), νasym (POC), chitosan
1083(s) 1084(m) 1088(s) ν(CC), ν(CO) lipids, chitosan
1101(s) 1102(s)
1124 ν(CC): lipids
1130(vs) 1134(vs) ν(CC) carotenes
1155(m)
1209(m) ν(CC), ν(CO), δ(CH)
1230(m)
1265(m) 1259(m) 1261(m) 1260(m) δ(=CH), amide III, chitosan
1297(m)
1335(m) 1334(m) 1334(s) L-tryptophan and other compounds
1343(s)
1362(m)
1379(m) L-tryptophan, δ(CH2)
1449(s) 1453(m) 1448(m) 1450(s) δ(CH2), δ(CH3)
1521(s) 1531(vs) ν(C=C) conjugated alkene bonds of carotenes
1603(m) 1601(m) 1605(m) ν(C=C) aromatic ring
1657(m) 1659(m) 1657(m) 1661(m) νcis(C=C), amide I (α-helix)
Table 1.1: Overview of the observed bands in the spectra of the mycelia under investigation (29, 31,  86, 95, 134)
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bSchultz et al. name 1150-1170 cm-1 as the range for ν2 vibrations(128, 129). However, this
interval is too small as it does not comprise all carotenoids. Merlin J.C. names 1100-
1300 cm-1 as the range for ν2 vibrations, partly because proteins that form a complex with a
carotenoid may alter its ν2 vibrations up to 20 cm-1 (95). However this interval is too large and
1130-1170 cm-1 is considered more accurate, because of interactions of carotenoids with other
biological compounds.
mycelium is observed at 1130 cm-1 instead of 1157 cm-1. (129) The position of the ν2 vibration
band (at 1130-1170 cm-1)b is highly affected by the presence of methyl groups on the alkene
bond chain: when no methyl groups are present on these conjugated unsaturated bonds, band
shifts up to 20 wavenumbers can be observed(95). In addition, carotenes form complexes with
proteins, which also causes band shifts. It can therefore be concluded that the G. trabeum
mycelium contains a substantial amount of an unidentified carotene, probably without or with
only a few methyl groups on the conjugated double bond chain and likely present in a protein
complex.
The other Raman bands in the spectrum have much lower intensities, but correspond
with the Raman bands in the spectrum of P. monticola mycelium. Due to lower intensities,
many Raman bands of saccharides can not be distinguished from the background. Further
spectral differences are observed at the frequency of the amide III vibration bond, which is
found at a slightly lower wavenumber (1259 cm-1 compared to 1265 cm-1). The spectra of
G. trabeum mycelium often contain fluorescence as is illustrated in figure 1.3. As a result the
carotene ν1 and ν2 vibrational bands are the only Raman bands which can be unequivocally
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Figure 1.2: Spectrum of Gloeophyllum trabeum mycelium (spectral acquisition time is 60 s)
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differentiated from the spectral background. This fluorescence effect is likely due to the
formation of secondary metabolites (see also section 3.1).
The Raman band at 720 cm-1 is likely due to ν(CN) stretch vibrations of the choline
group in phospholipids, although other bands of lipids, such as at 1063 and 1296 cm-1 are
masked by other overlapping bands (see also figure 2.5 on page 85 and table 2.4 on page 84).
By analogy with the mycelium of P. monticola an asymmetric POC stretch vibration band is
observed at 1032 cm-1. L-tryptophan is detected by the presence of the Raman bands at 759,
875, 1004 and 1335 cm-1.
c) Coniophora puteana mycelium
Similar to the Raman spectrum of G. trabeum mycelium, the Raman spectrum of
Coniophora puteana mycelium in figure 1.4 is dominated by the Raman bands of carotenes
(see figure 2.2 on page 28 for a picture of C. puteana mycelium as observed under the
confocal Raman spectrometer). The carotenoid Raman bands of C. puteana mycelium are
located at 1531 cm-1 (as opposed to 1521 cm-1), 1134 cm-1 (as opposed to 1130 cm-1) and
1004 cm-1 (which has a shoulder between 1008 and 1011 cm-1). The carotenoid content of
C. puteana is therefore completely different from G. trabeum. This is supported by the slightly
different colour of C. puteana mycelium (dark orange brown compared to yellow-brown).
Remarkable is the relatively high intensity of amide I and νcis(C=C) vibration band at
1657 cm-1. The shoulder at 720 cm-1 of the Raman band at 715 cm-1 is indicative for
phospholipids (the corresponding band of 1,2-dipalmytoyl-L-α-Lecithin has a medium
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Figure 1.3: Fluorescence containing spectrum of Gloeophyllum trabeum mycelium (spectral
acquisition time is 60 s)
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intensity, see table 2.4 in part II chapter II). Because a Raman band around 1296 cm-1 (whose
intensity is related to the saturation of the fatty acids in the sample) can not be unequivocally
differentiated from the background, the fatty acids in the phospholipids are highly unsaturated
(probably the fatty acid is linoleic acid). A Raman band at 1084 cm-1 is observed, which
confirms the presence of substantial amounts of lipids although it is also partly due to
saccharides. The compound responsible for the Raman band at 1601 cm-1 could not be
identified unequivocally. A Raman band of saccharides is present at 402 cm-1 and no signal is
observed at 759 cm-1. Other Raman bands are similar to those observed in the mycelium
spectrum of G. trabeum, although small shifts can be present.
d) Pleurotus ostreatus mycelium
As already explained, it was not feasible to collect a Raman spectrum of P. ostreatus
mycelium with the method described in section 2. Figure 1.5 shows a spectrum of P. ostreatus
mycelium that was collected at the outside of an infected piece of Fagus wood. However,
spectral backgrounds, including the amount of fluorescence, differ quite a lot at microscopic
scale and the method used for the other mycelia (averaging five spectra around a focus point)
could not be used. A few micrometer from the position where the spectrum in figure 1.5 was
collected, fluorescence overwhelmed the Raman spectrum completely. It was observed that
the different bands may shift over a few wavenumbers between repeated measurements at
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Figure 1.4: Spectrum of Coniophora puteana mycelium (spectral acquisition time is 60 s)
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different positions. This is normal as the cultures of infected wood are old and show sample
inhomogeneity as a result. The P. ostreatus spectrum is therefore only indicative.
Similarities are observed between this spectrum in figure 1.5 and the spectrum of
mycelium of the brown rot fungus Poria monticola in figure 1.1. However, where the intensity
of the amide I and νcis(C=C) vibration band at 1661 cm-1 is comparable, the ν(C=C) aromatic
ring vibration band at 1605 cm-1 is much more intense. The molecule that is responsible for
the latter is unknown and further investigations are needed. Furthermore, no Raman band or
shoulder is observed at 755 and 1009 cm-1, the Raman bands with the highest intensities in the
spectrum of L-tryptophan(29). Hence L-tryptophan is not detected. Opposite to this, a Raman
band of L-tyrosine is detected at 826 cm-1. (29)
Lipids are detected through Raman bands at 1063, 1088, 1124, 1260, 1297 and
1661 cm-1 of medium to strong intensities. This might indicate the presence of oil droplets in
the mycelium. Fungi commonly form oil droplets as a carbon reserve(14). Remarkable is also
the high intensity of the Raman band at 716 cm-1 which is ascribed to phospholipids.
Similar to the mycelium spectra under investigation, spectral contributions from chitin
are not observed in the spectrum of P. ostreatus mycelium. Chitosan, which could also be
present in fungi(14, 143), is a derivative of chitin whose amine group is not acetylated. Chitin is
converted into chitosan by enzymes, chitin deacetylases, in fungi. There is a suggested
involvement in cell-wall formation and plant-fungus interactions(143). The most intense Raman
bands in the Raman spectrum of chitosan are observed at 424, 494, 898, 1037, 1092, 1114,
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Figure 1.5: Raman spectrum of mycelium of Pleurotus ostreatus collected at the outside of an
infected piece of Fagus wood
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1265 and 1377 cm-1 (see figure 1.6). Because corresponding Raman bands exist at 423, 898,
1037, 1088 and 1260 cm-1, we assume that chitosan is present in the mycelium of P. ostreatus.
Opposite to mycelium of P. monticola, Raman bands are present at 477, 596, 685, 986
and 1362 cm-1, whereas a Raman band at 669 and 968 cm-1 is not observed in the Raman
spectrum of P. ostreatus mycelium.
e) Spectral differences and taxonomic importance
Remarkable spectral markers can be observed between the Raman spectra of mycelium
of the brown rot fungi P. monticola, C. puteana and G. trabeum and of the white rot fungus
P. ostreatus. For example, spectra of brightly coloured mycelia (C. puteana and G. trabeum)
are dominated by the Raman bands of carotenes, while white or light coloured mycelia
(P. monticola and P. ostreatus) are composed of Raman bands of saccharides, proteins and
nucleic acids.
All Raman spectra of mycelia show a band of high intensity at 1004 cm-1. This band is
due to trigonal ring breathing vibration bands of aromatic amino acids (L-phenylalanine),
while there are additional contributions of ν3 carotene vibration in the spectra of C. puteana
and G. trabeum. A shoulder between 1008 and 1011 cm-1 (L-serine, L-tryptophan) is observed
in the Raman spectra of mycelium of the brown rot fungi, while this was not observed in the
Raman spectrum of P. ostreatus mycelium. The carotenoid content of G. trabeum and
C. puteana mycelium differs (1130 and 1521 cm-1 versus 1134 and 1531 cm-1). Opposite to
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Figure 1.6: Raman spectrum of chitosan, 1 minute collection time (70 mW on sample)
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this, the spectra of P. monticola and P. ostreatus mycelium are composed of many well
resolved, but different bands (e.g. 429, 621, 714, 1033 cm-1, etc. versus 423, 617, 716,
1037 cm-1, etc.).
The presence of Raman bands of the inner cell components on the one hand and the
domination of spectra by bands of carotenes (that could be different from one species to
another) the other hand, illustrates the opportunities for chemotaxonomy if growth conditions
can be carefully controlled, because metabolite concentrations and Raman spectra change with
the culture’s age(113). To conclude whether the spectral markers that were discussed in the
previous sections are of taxonomical relevance, a large spectral database that contains the
Raman spectra of many species needs to be built. The ideal protocol to culture mycelia,
eliminates spectral differences for the same species as much as possible, while maximising
spectral differences for different samples. Cultures of coloured mycelium thus can probably be
characterised and identified based on their carotenoid content. Species characterisation based
on carotenoid content was already performed in the 1980's, where the resonance Raman effect
was used (that seriously enhances the intensity of specific Raman bands).(95) Examples of
carotenoid based chemotaxonomical applications include for example shells and corals(95) and
plant materials(129).
3.2 Study of the Raman spectra of the basidiocarp of Trametes versicolor
Trametes versicolor (Polyporaceae, Polyporales) is a common white rot fungus. Spectra
of Fagus wood infected by T. versicolor were collected and are discussed in the next chapter.
Raman spectra of the basidiocarp are discussed in this section and compared with the
mycelium spectra in section 3.1. The goal is to compare mycelium spectra with, spectra of
infected wood and basidiocarp. Although a spectrum of T. versicolor mycelium could not be
obtained, similarities can be observed between mycelium and basidiocarp spectra.
Basidiocarps of T. versicolor (figure 1.7)
are two to six centimetres in width, one to
three millimetres thick, have a leathery texture
and consist of several layers.(50) The top surface
of the basidiocarp is made up of different
coloured zones (either white, light to deep
brown, blue-black). Below, the context is found
and at the under side, the hymenophore with
white to light brown pores and the hymenium
are located.  For the spectroscopic
investigations, a T. versicolor basidiocarp was
collected in the field. Raman spectra were
recorded with 70 mW power on the sample. Because the top layer (pileipellis) is dark
coloured, the red laser light (785 nm) is absorbed and no Raman spectrum could be collected.
Figure 1.7: basidiocarps of T. versicolor
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Spectra of basidiocarp Band assignment
Trama type 1 Trama type 2 Bottom part
391(m) 372(w) 372(w) endocyclic deformations of saccharides
409(w)
425(m) 425(m) 420(m)
441(vw) 444(m)
457(sh) 457(m) δ(CCO) ring deformation: cellulose
477(sh)
494(w) 491(vw) δ(CCO) ring deformation: cellulose
533(w) 536(w)
540(m) L-valine
570(w) 591(sh)
623(w) 622(vw) 621(vw) Adenine, L-phenylalanine (skeletal)
644(w) 643(vw) L-tyrosine (skeletal)
663(w)
715(w) 712(w)
724(mw) Adenine
758(w) 757(vw) 759(w)
784(w) 780(w) Cytosine, uracil
812(sh) 812(sh)
826(w) 827(vw) L-tyrosine
851(w) 851(vw) 852(vw) ν(CC), ν(COC) 1,4 glycosidic link, L-tyrosine,
L-alanine, L-valine, L-phenylalanine
899(m) ν(COC) in-plane symmetric: cellulose
908(w) 904(m)
967(vw) ρ(CH2): cellulose
1004(s) 1004(m) 1003(m) Trigonal ν(CC) ring breathing of aromatic rings:
L-phenylalanine, L-tyrosine
1031(mw) 1033(m) 1030(w) ν(CC), ν(CO), νasym (POC)
1049(sh) δ(OH), ν(CO)
1061(sh) 1055(sh) δ(OH), ν(CO)
1085(m) 1085(s) δ(OH), ν(CC), ν(CO)
1095(m) 1096(s) 1096(m) ν(COC) asymmetric glycosidic link: cellulose,
hemicellulose
1126(m) 1117(s) 1116(m) ν(COC) symmetric glycosidic link: cellulose,
hemicellulose
1174(vw) 1173(sh)
1209(m) 1208(w) 1207(w) ν(CC), ν(CO), δ(CH)
1233(m)
1258(m) 1259(m) 1259(m) Amide III
1266(m) 1268(m) Cellulose
1300(m)
1318(m) 1318(m) δ(CH2) wagging, δ(OH): cellulose
1330(ms)
1337(sh) 1334(m) 1335(m) δ(CH2) wagging, δ(OH): cellulose
1360(sh) L-alanine
1375(sh) 1375(m) 1371(m) δ(CH2): cellulose
1419(sh)
1441(sh) δ(CH2), δ(CH3)
1450(m) 1450(m) δ(CH2), δ(CH3)
1452(s) 1460(sh) 1460(sh) δ(COH), δ(CH2), δ(CH3)
1552(vw) δ(COH), δ(CH2), δ(CH3)
1585(w,br) L-phenylalanine
1606(w,br) L-phenylalanine
1646(s)
1662(s) 1654(m) Amide I (α-helix)
1694(m)
Table 1.2: Overview of the observed bands in the Raman spectra of Trametes versicolor(29, 37, 134)
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Two different types of Raman spectra of the basidiocarps middle layer were observed. Spectra
of the under side of the basidiocarp have a lower signal to noise ratio compared to the other
spectra as the bottom part is a very rough surface, because of presence of the pores with
basidia. Table 1.2 summarises the observed Raman bands in the collected spectra.
The context of a Trametes versicolor specimen is whitish and not at all brightly
coloured, indicative of the absence of carotenes. A Raman spectrum of the mycelium could
not be collected, likely because the growth medium that was used (potato dextrose agar, PDA)
induced the formation of secondary metabolites that are fluorescent. Spectra of mycelia of
other species are discussed in the previous section. Because T. versicolor is a white rot
fungus, the Raman spectrum of its mycelium should be compared with that of white rot
fungus Pleurotus ostreatus. However, where P. ostratus is a fungus belonging to the
Agaricales, T. versicolor and the other wood rot fungi (C. puteana, G. trabeum and
S. lacrymans) that were discussed in section 3.1 are located in the order Polyporales. More
information on the taxonomic relationships is found in section 5 on page 31.
Figure 1.8 represents the Raman spectrum of the context of a T. versicolor basidiocarp.
When compared with the mycelium discussed in the previous section, similarities are
observed not only with the spectrum of mycelium P. ostreatus (figure 1.5), but also with the
spectrum of mycelium of P. monticola (figure 1.1). The Raman bands below 1000 cm-1 are
well resolved, except for the presence of a broad band between 470 and 600 cm-1. The Raman
bands above 1000 cm-1 generally overlap. A notable difference between the basidiocarp
spectrum and mycelium spectra, is the absence of a Raman band near 1605 cm-1. Another
characteristic feature is the presence of relatively intense bands of cell lumen, such as amino
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Figure 1.8: Raman spectrum of the context of a Trametes versicolor basidiocarp
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and nucleic acids. Basidiocarps are living structures with a high metabolic activity (to produce
as many spores as possible), which requires many proteins and nucleic acids. At 1004 cm-1 an
intense band of trigonal ring breathing vibrations of the amino acids L-phenylalanine and
L-tyrosine is observed. Other Raman bands of L-phenylalanine are observed at 623, 851, 1585
and 1606 cm-1, whereas L-tyrosine is confirmed by the presence of Raman bands at 644 and
826 cm-1. Aromatic rings are highly polarisable molecular structures and therefore the most
prominent amino acid vibration bands are due to the presence of aromatic amino acids in the
sample. The observation of vibrational bands of non-aromatic amino acids (L-valine at 540
and 851 cm-1 and L-alanine at 851 and 1360 cm-1) confirms the presence of high amounts of
proteins. Nucleic acids are detected by the vibrational bands of adenine (623 and 724 cm-1),
cytosine (784 cm-1) and uracil (784 cm-1). No Raman bands of lipids are observed in the
Raman spectrum of T. versicolor basidiocarp. They are overwhelmed by the Raman bands at
1267 cm-1 (amide III) and around 1662 cm-1 (amide I), which are a consequence of the high
amount of proteins.
Besides proteins and nucleic acids, saccharides are present in substantial amounts in the
basidiocarp. In a Raman spectrum ν(C-C) and ν(C-O) stretching vibrations of saccharides are
observed between 1030 and 1290 cm-1, δ(OH) bending vibrations are located between 1030
and 1080 cm-1, whereas exo- and endocyclic ring deformation vibrations are observed below
500 cm-1 (134). The basidiocarp spectrum in figure 1.8 shows relatively broad bands in these
regions, making product identification difficult. Although some Raman bands correspond with
medium to strong Raman bands of cellulose (457, 494, 1061, 1095 and 1337 cm-1), no bands
or shoulders appear at the positions of other medium to strong cellulose bands (380, 896,
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Figure 1.9: second type of Raman spectrum of the context of a Trametes versicolor basidiocarp
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1120, 1147, 1379 and 1413 cm-1). The polysaccharide signal in the Raman spectrum in
figure 1.8 could therefore not be characterised (see also table 3.3 on page 45).
A second type of spectra was observed in the T. versicolor basidiocarp. This type of
Raman spectrum (see figure 1.9) is dominated by the Raman bands of carbohydrates, whereas
the Raman bands of other compounds, such as L-tyrosine (643 and 1004 cm-1) have much
lower intensities compared to the spectrum in figure 1.8. Raman bands of L-valine, cytosine
and uracil are not observed. Adenine is also not present in sufficient amounts to be detected;
although there is a Raman band at 622 cm-1, it also corresponds with L-phenylalanine that has
a strong Raman band at 1004 cm-1. The carbohydrate bands at 372, 425, 457, 477, 899, 967,
1095, 1117, 1268, 1337 and 1375 cm-1 indicate the presence of cellulose or a structurally
comparable polymer. Cellulose as a structural polysaccharide, however, is not produced by
fungi s.s.(14). Instead, chitin is the structural polysaccharide that is generally found in fungi (see
also table 2.2 on page 79 and figure 2.2 on page 80)(14). Although some bands, such as those at
457, 899, 1055, 1208, 1268, 1334, 1371 and 1656 cm-1, of the basidiocarp spectrum could
contain contributions, chitin cannot be unequivocally detected. At 1107 cm-1, the position of
the most intense band in the spectrum of chitin, no Raman band or shoulder is detected.
Moreover, the amide group, that is present in chitin, results in Raman bands of medium
intensity at 1626 and 1656 cm-1. No Raman band or shoulder around 1626 cm-1 in the
basidiocarp spectrum is observed, while many other biological products absorb at this
frequency.
Chitosan, of which the Raman spectrum is given in figure 1.6, is a derivative of chitin,
that does not have an acetylated amine group. The most intense Raman bands are observed at
898, 1037, 1092, 1114, 1265 and 1377 cm-1. No bands or shoulders are observed in the
basidiocarp spectrum at 1092 and 1114 cm-1 indicating the absence of substantial amounts of
chitosan. The Raman bands at 898, 1265 and 1377 cm-1 are not typical for chitosan as they are
also found in other polysaccharides (see also table 3.3 on page 45) and compounds that have
amide groups(134). In addition, the Raman band at 1033 cm-1 can not be attributed to chitosan
(which has a Raman band in its spectrum at 1037 cm-1) either as many products absorb in this
region. Thus, it can be concluded that there is not a substantial contribution of chitosan in the
Raman spectrum of the basidiocarp.
Different biological processes or functions need other enzymes and metabolites and
hence, the composition of hyphae is related to the biological function. Because tissues are
generally specialised for specific biological processes, the composition of hyphae can be
completely different (see also the Raman spectra in part II chapter I). To date, researchers
have primarily focussed on the mycelium. Cellulose or a structurally comparable polymer is
present in the basidiocarp. According to Carlile et al. the carbohydrate reserve materials
accumulated by fungi are glycogen, trehalose and mannitol(14). Glycogen, like amylose and
amylopectin (see also figure 2.2 on page 80), is a polymer of α-D-glucose. Its characteristic
backbone vibration band is located at 481 cm-1 (33). No band or shoulder is observed near this
wavenumber; hence glycogen is not present as the major polysaccharide in the basidiocarp.
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Trehalose is not the primary polysaccharide either (figure 2.4 on page 83) as no band or
shoulder appears at 404, 521, 541, 842, 915, 1121 and 1345 cm-1 (see also table 2.3 on
page 82).  In addition, mannitol, like other polyalcohols, has no broad bands between 1000
and 1200 cm-1: the spectrum is composed of sharp bands and the most intense bands are
located at 875 and 886 cm-1 (3). Mannitol is therefore not present in the basidiocarp. As
Basidiomycota do not produce cellulose, the carbohydrate might also be incorporated during
the growth of the basidiocarp.
Figure 1.10 presents the Raman spectrum of the bottom part of a T. versicolor
basidiocarp, which contains amongst others the hymenium. The hymenium is very
heterogenous due to the presence of pores. As such, it is often difficult to precisely focus the
laser onto the sample, which results in a lower signal to noise ratio. Apart from the lower
signal to noise ratio and a higher background, this spectrum is similar to the spectrum of trama
presented in figure 1.9.
4 Concluding remarks
The collection of Raman spectra of the basidiocarp of T. versicolor and of mycelium of
different species is discussed in this chapter. Although high quality spectra could be obtained
for some species, the mycelia of other species showed a lot of fluorescence (e.g. T. versicolor,
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Figure 1.10: Raman spectrum of the under side of a Trametes versicolor basidiocarp
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P. ostreatus and G. trabeum). The spectra of mycelium that were collected serve as reference
spectra to study the spectra of infected wood, which is discussed in the next chapter. It was
shown that the spectra of different species contain some notable differences, that may be of
use for taxonomy. This is especially true for spectra of brightly coloured mycelia versus
white/light coloured mycelia. The former are dominated by the Raman bands of carotenes,
while the latter are composed of Raman bands of saccharides, proteins and nucleic acids.
However, to conclude whether these spectral character are of taxonomical relevance, a large
spectral database that contains the Raman spectra of many species needs to be built. In
addition, growth conditions must be carefully studied and controlled, in order to minimise
spectral differences between replicate measurements of the same specimen. Further research,
that could lead to more practical applications such as the identification of fungi and the study
of microbial communities in biofilms, is thus needed.
High quality Raman spectra of basidiocarps of T. versicolor were collected. These show
similarities with the Raman spectra of mycelium of Pleurotus ostreatus and Poria monticola.
Two types of spectra were observed. Some spectra are composed of the signals of saccharides,
proteins and nucleic acids, while other spectra are mainly composed of a saccharide whose
spectrum resembles the Raman spectrum of cellulose. However, cellulose is generally not
produced by fungi stricto sensu. An unidentified structurally comparable polymer is therefore
present in high amounts in the basidiocarp of T. versicolor.
CHAPTER II:
Raman spectroscopic analysis of
infected wood
This chapter presents the results of the analysis of native Pinus and Fagus wood and wood
infected by five common woodrot fungi (Poria monticola, Coniophora puteana,
Gloeophyllum trabeum, Trametes versicolor and Pleurotus ostreatus). The Raman spectra
shown in the previous chapter are compared with those of decayed wood to detect Raman
bands of woodrot fungi in the decayed wood.
1 Introduction
Wood is a valable and renewable raw material that is decayed by several types of fungi.
As explained in the introduction of the previous chapter, it would be useful to have an
analytical method at hand that is able to predict wood properties and that can discriminate
between native and infected wood. Several spectroscopic techniques have been used for this
purpose, including near infrared spectroscopy (NIR)(144), infrared spectroscopy (IR)(43, 45 102, 108)
and Raman spectroscopy(52, 73, 76, 109). While near infrared spectroscopy is often frequently used
in wood and paper industry to analyse chemical and physical properties of pulp and wood(144),
other vibrational spectroscopic techniques, including infrared and Raman spectroscopy, give
spectra with good fingerprinting capabilities to characterise samples. Raman spectroscopy was
used by Lavine et al. for the classification of wood types(76). Genetic algorithms could
discriminate between tropical woods, temperate softwoods and temperate hardwoods. Several
studies have studied wood composition and lignin properties(e.g. 43, 45, 52, 73, 108). For example
Gierlinger et al. applied confocal Raman spectroscopy for the study of wood composition as a
reaction to growth conditions of poplar wood(52). Spectral differences between wood that was
grown in the spring, in the fall and tension wood (tissue grown under stress conditions, e.g.
press or bending of living wood due to heavy weather) were studied. In addition, the different
cell wall layers were visualised in mapping experiments.
142
Wood is mainly composed of saccharides (cellulose and hemicelluloses) on the one
hand and a complex three dimensional copolymer (lignin) on the other hand. As a result, two
main types of wood rot exist that degrade saccharides selectively (brown rot) or degrade both
the saccharides and lignin (white rot). More information on this subject is found in
section 2.1. Pandey and Pitman investigated the changes in wood composition related to wood
decay by brown rot and white rot fungi(109). They observed that carbohydrate bands in the
Raman spectra of beechwood disappeared after 12 weeks of decay by Coniophora puteana,
while an invisible shoulder at 1268 cm-1 of guaiacyl subunits of lignin became clearly visible.
In the case of Scottish pine wood, it was observed that the carbohydrate bands in the Raman
spectra at 898, 1158 and 1320 cm-1 almost disappeared, while other carbohydrate bands
decreased in intensity, whereas the lignin bands increased in intensity. At the contrary, wood
decay caused by the white rot fungus Trametes versicolor resulted in only a few minor
spectral differences, although high weight losses were recorded. In this study, infrared
spectroscopy was able to differentiate between selective wood decay (generally brown rot) and
non-selective wood-decay (white rot). This illustrates the opportunities of both Raman and
infrared spectroscopy for the analysis of wood and wood decay. Naumann et al. studied the
composition of inner vessel content and cell walls of beech wood, which was infected by
T. versicolor and Schizophyllum commune(102). Spectra of wood vessels and vessel lumina,
infected vessels and mycelium, formed different clusters. As Raman spectroscopy and infrared
spectroscopy are complementary analytical techniques, both techniques have similar
applications. Thus, it is likely that Raman spectroscopy has unique opportunities for the study
of infected wood. Next to the study of spectral differences due to wood decay, spectroscopic
and chemometric discrimination between uninfected and infected wood should be possible.
In the previous chapter the basidiocarp of T. versicolor and the mycelium of several
wood rot fungi were studied. The reference spectra of mycelium of the wood rot fungi that
were collected are used here to determine whether specific bands in the Raman spectrum of
infected wood can be attributed to the invading wood rot fungus. This chapter starts with a
discussion of the chemical composition of wood and the types of wood decay. The Raman
spectra of Pinus and Fagus wood are then shown and interpreted. Thereafter, by comparing
the Raman spectra of native wood, decayed wood and wood rot mycelium, spectral markers of
the wood rot fungus are identified. Hence, it is verified whether one can discriminate between
native and infected wood by using these spectral markers.
2 Wood chemistry
2.1 Composition
Wood is mainly composed of a mixture of three types of products: cellulose,
hemicelluloses and lignin.(16) The relative amounts of these products vary between different
species. 
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a) Cellulose
Cellulose is a polymer that consists of long chains (up to 7 micrometer in length) of 1,4-
linked α-glucose subunits(16). Cellulose is a good Raman scatterer and its spectrum is
presented in figure 3.6c on page 44. Because of its linear structure, cellulose molecules align
and strong Van der Waals interactions are present, which render cellulose insoluble.
Individual strains form closely fitting microfibrils (as can be observed visually in the case of
pure cotton) and well defined crystals. The product is a key component for sturdy plant
structures, as it gives support and strength.
b) Hemicellulose
Hemicelluloses are mixed polymers of varying subunits, such as arabinose, galactose,
mannose and xylose(16, 132) (Raman spectra of galactose, mannose and xylose are presented in
figure 3.7 on page 46). In the 19th Century and the beginning of the 20th Century,
hemicelluloses were considered as precursors for the synthesis of cellulose(132), although
hemicelluloses and cellulose are formed by different biosynthetic pathways. Hemicelluloses
are much shorter (up to 200 subunits) and because of the mixed structure, hemicelluloses are
less dense compared to cellulose. Water can be present in the structures, thus hemicelluloses
can often be extracted with water or mild chemicals. Furthermore, they are deacetylated and
hydrolysed in light acidic and/or alkaline solutions. Hemicellulose is usually found as a
coating around dense cellulose fibres.
c) Lignin
The term lignin was introduced in 1819 and is derived from the Latin word lignum
(meaning wood).(132) Lignin is a three dimensional copolymer of the aromatic alcohols
coumaryl alcohol, coniferyl alcohol and sinapyl alcohol (see structures in figure 2.1)(16). Aryl,
ether and ester bonds link each subunit to two or three other subunits to form a biopolymer of
OH
HO
OH
HO
O
H3C
OH
HO
O
H3C O
CH3
A B C
Figure 2.1: subunits of lignin: A) coumaryl alcohol, B) coniferyl alcohol and
C) sinapyl alcohol
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aThis experiment was performed in the laboratory of professor H.G.M. Edwards,
University of Bradford, United Kingdom
indeterminate size. The properties of the tissue in the host depend on the amount of lignin as
well as the relative amounts of coumaryl alcohol, coniferyl alcohol and sinapyl alcohol in the
tissue. Lignin can be regarded as a matrix that glues all cellulose microfibrils and
hemicellulose crystals together to form a single solid structure that supports its host; hence
lignin can be considered as the binding material, whereas cellulose provides strength and
support.
The subunits of lignin are aromatic compounds that absorb UV light. The aromatic
system of these subunits in lignin is not only extended by the conjugated double bond on the
aromatic ring, but is extended as well through aryl and ester bonds between subunits. This
lowers the energy of the first excited electronic level: native lignin is brown and absorbs light
in the visible region. When the energy difference between the lowest and the first excited
electronic energy level of a sample molecule is comparable to the energy of the laser photons,
Raman intensity is seriously enhanced and internal relaxation results in fluorescence (see also
part I section 2.2 on page 17).(42) It was therefore not possible to obtain spectra of pure lignin
with either a dispersive spectrometer with a 785 nm laser or an FT-Raman spectrometera.
2.2 Decay
Wood is a hard and complex material that is difficult to invade. Fungi have a
chylotrophic (external digestion) habit. The digestion of wood therefore requires the passage
of enzymes through the membrane, a minimum of 20% moisture and a close contact with the
wood vessels to maximise the absorption of the digestion products(16). During decay, wood
gradually loses its strength. Because of the presence of polysaccharides on the one hand and
the presence of an aromatic netpolymer, namely lignin, on the other hand, two major types of
wood decay exist: brown rot and white rot.
Brown rot fungi degrade cellulose and hemicellulose and leave lignin untouched.
Cellulases remove β-D-glucose or its dimer cellobiose from the cellulose chain, by
hydrolysing the β(1-4) bonds. Hence, wood infected by brown rot fungi turns brown after a
while. Cracks appear in the wood at more or less regular distances. The result is that piece of
wood breaks down in smaller cubic subunits. Hence, the name cubic rot as an alternative to
brown rot. Some brown rot fungi are able to degrade isolated cellulosic materials, but many
fungi require that the cellulose is attached to lignin prior to degradation. To the contrary,
white rot fungi are able to degrade lignin. The nature of lignin degradation is still not clear; it
should involve an enzymatic oxidative degradation that requires the presence of hydrogen
peroxide and a haem protein(16). After decay by white rots a material with a fibrous structure
remains. Most white rot fungi are able to degrade cellulose as well as lignin, but some remove
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b
 Sinapyl and coniferyl alcohol are not readily found in native lignin, because of the
formation of ether, aryl, etc. bonds between the subunits. Subunits in native lignin with either
one or two ether groups are named guaiacyl and syringyl substructures (instead of coniferyl
and sinapyl).
lignin selectively. White rot fungi are more common on hardwoods, while brown rot fungi are
more common on softwoods.
3 Materials and methods
Samples of undecayed Pinus and Fagus wood were obtained from the laboratory of
wood technology of Ghent university. The samples of decayed wood that were studied in this
chapter were kindly provided by Dr. Jan Bosselaers (Janssen Pharmaceutica N.V. -
Preservation and Materials Protection), for which I am very thankful. 100 micrometer
segments were cut using a microtome at the laboratory of wood technology. The wet samples
were analysed the day after or two days after cutting. Analogous to the measurements of the
study in the previous chapter (see section 2 on page 124), Raman spectroscopic analysis was
performed with a Kaiser System Hololab 5000R Raman spectrometer using a 100x objective
of the microscope (Leica). The samples were illuminated with 65-70 mW (at the sample) of
red (785 nm) laser light. For each final spectrum, five spectra of the decayed wood were
collected. Thereafter, calibration was performed by the method outlined by Hutsebaut et al.(67)
in MATLAB. Spikes in the spectra were removed, the average spectrum of the five processed
spectra was calculated and band detection was executed on the average Raman spectrum.
4 Results
In the following section the Raman spectra of uninfected Pinus and Fagus wood are
discussed. Wood spectra are compared with the Raman spectra of the reference products
cellulose, the hemicellulose galactan and the lignin precursors coniferyl and sinapyl alcohol.
There can be major compositional differences between wood blocks of different species
(especially when softwoods are compared to hardwoods)(16). However, the main components
are always cellulose, hemicellulose and lignin. Thus, the main differences between different
woods are observed in the band intensities of the saccharides (mainly cellulose) compared to
guaiacyl and syringyl band intensitiesb.
The aim of the study of native Pinus and Fagus wood, is to be able to discriminate
between the Raman bands of wood and fungi. Thus, the Raman spectra of infected wood
blocks are studied in the second part of this section to check for the presence of Raman bands
of the infecting fungus.
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4.1 Study of Raman spectra of uninfected wood
a) Study of the Raman spectrum of uninfected Pinus wood
Figure 2.2 presents the Raman spectrum of Pinus wood, whereas the reference spectra
of cellulose, the hemicellulose galactan and the lignin precursors coniferyl and sinapyl alcohol
are shown in figure 2.3. Table 2.1 lists the observed bands in the Raman spectra of these
compounds and presents a tentative band assignment for the wood spectrum. The Raman
spectra of the individual compounds are well resolved, except for galactan. Major bands are
observed below 550 cm-1 (exocyclic and endocyclic band deformations of saccharides),
between 1000 and 1400 cm-1 (mainly stretching and bending vibrations of saccharides),
between 1420 and 1460 (δ(CH)2 and δ(CH)3 bending vibrations), and around 1600 and
1650 cm-1 (aromatic ring vibrations of lignin subunits)(134).
Cellulose is the major component: all Raman bands below 550 cm-1 can be assigned to
cellulose and characteristic signals at 1097, 1120 and around 1150 cm-1 appear. No bands
could be solely attributed to hemicelluloses, although the position of the Raman bands at 1033
and 1152 cm-1 clearly indicate their presence. In addition, the intensities of the Raman bands
between 1000 and 1200 cm-1 do not correspond completely with the Raman band intensities of
cellulose. Raman bands of lignin subunits are generally overlapping because of the complex
lignin structure. The most intense Raman bands of guaiacyl and syringyl subunits are observed
at 1599, 1618 and 1654 cm-1.
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Figure 2.2: Raman spectra of undecayed Pinus and Fagus wood
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Pinus wood Fagus wood Coniferyl alcohol Sinapyl alcohol Galactan Cellulose Band assignment of the Raman bands in the wood spectra
369(m)
381(m) 377(ms) 381(w) 391(vw) 380(m) δ(CCC) ring deformation: cellulose
405(w)
436(m) 433(m) 429(m) 436(w) δ(CCO) ring deformation: cellulose
458(mw) 459(m) 454(vw) 446(m) 458(m) δ(CCO) ring deformation: cellulose
494(mw) 494(m) 493(mw) δ(COC) glycosidic link: cellulose (partly)
521(mw) 520(m) 520(m) δ(COC) glycosidic link: cellulose
557(vw) 532(w) 578(m) 577(m)
591(vw) 583(vw) 587(w)
600(vw) 615(vw)
634(vw) 640(vw)
729(w) 725(vw,br) 721(vw) 726(w) 710(w) syringyl
737(vw)
785(w,br) 785(w) 775(w) guaiacyl
799(vw)
809(m) 814(m) 840-845(sh)
855(vw) 876(m)
899(m) 897(m) 896(m) ν(COC) in-plane symmetric: cellulose
909(vw) 921(w) 947(mw)
969(m) 967(w) 964(w) 961(w) 969(w) ρ(CH2): cellulose
974(mw)
989(w) 998(w)
1015(w)
1033(m) 1039(m) 1037(w) 1046(mw) 1034(sh) 1046(mw) ν(COC) hemicellulose, aryl-OH: lignin
1069(s) 1061(m)
1097(s) 1095(s) 1085(w) 1084(w) 1095(sh) 1096(vs) ν(COC) asymmetric glycosidic link: cellulose, hemicellulose
1120(s) 1121(s) 1113-1116(m) 1120(s) ν(COC) symmetric glycosidic link: cellulose, hemicellulose
1133(w)
1152(m) 1146(m) 1162(w) 1155(m) 1160(m) 1147(m) syringyl, ν(CC) + ν(CO) ring breathing and δ(HCC) +
δ(HCO) bending: cellulose and hemicellulose
1193(w) 1193(m) 1195(w) syringyl
1226(vw) 1218(mw) 1201(vw)
1232(vw) 1237(w) δ(CH2) twisting cellulose
T
able
 2
.1
:
 O
v
erview
 of
 th
e
 ob
serv
ed
 b
and
s
 in
 th
e
 R
am
an
 sp
ectra
 of
 Pin
u
s
 w
o
od
,
 co
niferyl
 alcoh
ol
,
 sin
apyl
 alcoh
ol
,
g
alactan
 (fro
m
 arabic
 g
u
m)
 and
 cellulo
se (37
,
 52
,
 134)
148
Pinus wood Fagus wood Coniferyl alcohol Sinapyl alcohol Galactan Cellulose Band assignment of the Raman bands in the wood spectra
1270(m) 1270(mw) 1262(m) 1266(mw)
1294(sh) 1294(m) 1285(mw) 1294(w) δ(CH2) twisting
1332(m) 1331(m) 1333(vw) 1309(m)
1336(sh) 1337(s) 1345(m) 1337(m) δ(CH2) wagging, δ(OH): syringyl , cellulose
1379(m) 1374(m) 1374(w) 1376mw) 1365(m) 1377(m) δ(CH2): cellulose
1395(w) 1394w) 1391(vw)
1410(vw) 1413(m)
1426(mw) 1425(mw) 1429(w) δ(O-CH3) + δ(CH2): syringyl + guaiacyl ring vibration
1458(m) 1460(m) 1451(mw) 1454(m) 1460(m) 1461(m) δ(COH), δ(CH2), δ(CH3): syringyl, guaiacyl, cellulose
1496(sh)
1515(sh) 1518(vw) 1515(w) sinapyl, coniferyl
1599(vs) 1596(vs) 1598(sh) 1597(s) symmetric stretch of aryl rings: syringyl (mainly)
1618(sh) 1623(sh) 1605(s) ring conjugated ν(C=C) stretch of coniferyl aldehyde
1654(m) 1661(m) 1658(vs) 1658(vs) ring conjugated ν(C=C) stretch of coniferyl and sinapyl alcohol,
ν(C=C) stretch of coniferyl aldehyde
1730(w) ester bonds between lignin subunits
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The Raman bands of syringyl subunits are slightly more prominent than the Raman
bands of guaiacyl subunits. The Raman bands at 729, 1152, 1193, 1336, 1426, 1458, 1515,
1599 and 1654 cm-1 correspond with syringyl subunits, whereas the bands at 785, 1426, 1458,
1599 and 1654 cm-1 correspond with guaiacyl subunits. Furthermore, the broad Raman band at
circa 899 cm-1 masks several Raman bands.
b) Study of the Raman spectrum of uninfected Fagus wood
Figure 2.2 shows the Raman spectrum of Fagus wood and table 2.1 gives an overview
of the observed Raman bands and a tentative band assignment. By analogy with the Raman
spectrum of Pinus wood, the Raman spectrum of Fagus wood is dominated by the bands of
cellulose and lignin (between 1590 and 1670 cm-1). The largest spectral differences are related
to the wood type. In Pinus wood, the lignin bands at 1599 and 1644 cm-1 are more intense than
the corresponding band in the Raman spectrum of Fagus wood. This corresponds with the
higher amount of lignin that is generally found in softwoods (25-35%) compared to
hardwoods(18-25%)(16) Furthermore, the Raman band at 1270 cm-1 is more intense in the
spectrum of Pinus wood, which is likely due to the higher amount of lignin (more precisely
the amount of C=C double bonds that link different subunits together). In addition, cellulose
bands are slightly more intense in the Fagus wood spectrum. These include for example the
bands at 433, 459, 494, 520, 1095 and 1121 cm-1.
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Figure 2.3:Raman spectra of A) cellulose, B) galactan (from arabic gum; background
subtracted using the method outlined by Lieber et al.(78)) C) coniferyl alcohol and D) sinapyl
alcohol
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Other spectral differences include band shapes, band shifts and a few extra Raman
bands in the spectrum of Fagus wood. At 405 cm-1, an extra Raman band is observed. As ring
deformation vibration bands are observed in this region(37, 134), this Raman band is likely due to
hemicellulose. There is also a continuous background between the Raman band at 974 cm-1
and 1039 cm-1. A very weak Raman band at 1226 cm-1 is observed, as opposed to a weak
Raman band of lignin at 1193 cm-1. In addition, an extra Raman band, that is possibly related
to ester groups in lignin, is present at 1730 cm-1. Band shifts are observed for the Raman
bands at 381, 634, 785, 969, 1033 and 1152 cm-1 (Pinus wood), which are respectively found
at 377, 640, 799, 974, 1039 and 1146 cm-1 (Fagus wood).
4.2 Study of the Raman spectra of infected blocks of wood
Generally, the majority of spectral changes of wood blocks after infection with wood rot
fungi, are related to the relative amount of cellulose compared to hemicelluloses and lignin. In
the case of white rots, which generally degrade cellulose as well as lignin, the intensities of
the major Raman bands in a wood spectrum might not be significantly altered. However, in
the case of brown rots, which degrade cellulose(16), the intensities of the Raman bands of
lignin, such as the Raman bands around 1600 cm-1 increase. During wood decay, wood
becomes less dense and cracks appear. This effect is observed in the Raman spectra by a lower
signal to noise ratio. In the following section, Raman spectra of wood samples decayed by
different wood rot fungi are discussed, with special attention to the appearance of Raman
bands due to the wood rot fungus. Some Raman bands in the spectra of decayed wood could
not be unequivocally differentiated from the background. However, when signals appear at the
same position in several Raman spectra of the decayed wood, they are considered as detected:
these signals are also marked in the spectra and discussed in the following sections.
a) Study of wood infected by the brown rot fungi Coniophora puteana, Gloeophyllum
trabeum and Serpula lacrymans
Brown rot fungi are generally observed on softwoods.(16) Coniophora puteana,
Gloeophyllum trabeum and Serpula lacrymans were grown on Pinus wood. Figure 2.2
presents the Raman spectrum of undecayed wood, whereas the Raman spectra of the decayed
wood samples are shown in figure 2.4. Several spectral changes that are related to the decay
by the brown rot fungi can be observed. Comparing the spectra of undecayed (fig. 2.2) and
decayed Pinus wood (fig. 2.4), it can be observed that the Raman bands around 1598 and
1660 cm-1 are broader in figure 2.4A and are convoluted in figure 2.4B and 2.4C. Similar
effects are observed in the Raman spectra of white rot fungi (next section). The Raman bands
of cellulose, e.g. below 500 cm-1, have a lower intensity due to the degradation. Due to
different decay rates of cellulose and hemicelluloses, band positions of saccharides may be
shifted, e.g. 1096 cm-1 for pure cellulose, compared to 1095, 1097 and 1094 cm-1 for wood
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decayed by C. puteana, G. trabeum and S. lacrymans respectively. In addition, a shoulder at
1080-1085 is observed in the 3 Raman spectra. This was attributed to stretch vibrations of
lipids, which indicates noticeable contributions of the hyphae of the brown rot fungi to the
Raman spectrum.
The Raman spectrum of Pinus wood decayed by C. puteana is shown in figure 2.4A.
The Raman bands that may correspond with Raman bands of C. puteana mycelium are
observed at 622, 786, 903, 916, 1006, 1095, 1511 and 1521 cm-1. At 781 cm-1 a weak Raman
band was observed in the spectrum of C. puteana mycelium. At 785 cm-1 a weak Raman band
is observed in the spectrum of coniferyl alcohol. Thus, the Raman band near 786 cm-1 is
attributed to guaiacyl subunits (which correspond with pure coniferyl alcohol) in the wood.
Pinus wood has a broad Raman band centred around 899 cm-1. C. puteana mycelium has a
Raman band of medium intensity at 913 cm-1, whereas a very weak Raman band at 909 cm-1
was observed in the spectrum of coniferyl alcohol. Due to the brown rot infection, the
intensity of the cellulose band at 896 cm-1 is lowered, lignin bands increased and as a result
the shape of the Raman band at 899 cm-1 in the spectrum of native Pinus wood is altered and
shifted to 903 cm-1. Opposite to this, the Raman band at 916 cm-1 is attributed to the hyphae of
C. puteana. A weak Raman band at 622 cm-1, where L-phenylalanine absorbs, is observed.
Although no Raman band is observed at this frequency in the mycelium spectrum of
C. puteana, a comparable Raman band is observed in the mycelium spectrum of P. monticola
400 600 800 1000 1200 1400 1600 1800
Raman shift (cm-1)
In
te
n
sit
y
(A
rb
itr
ar
y
u
n
its
)
15
21
15
11
15
98
10
06
10
95
62
2
78
6 90
3
91
6
15
21
15
95
10
02
10
97
15
19
15
40
10
94
15
98
10
07 12
26
12
35
91
6
78
4
A
B
C
In
te
n
sit
y
(A
rb
itr
ar
y
u
n
its
)
15
21
15
11
15
98
10
06
10
95
62
2
78
6 90
3
91
6
15
21
15
95
10
02
10
97
15
19
15
40
10
94
15
98
10
07 12
26
12
35
91
6
78
4
Figure 2.4: Raman spectrum of an Pinus wood infected by A) Coniophora puteana, B)
Gloeophyllum trabeum and C) Serpula lacrymans; only the positions of signals in the
discussion are mentioned
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(see table 1.1). Because L-phenylalanine is not a native component of wood, the Raman band
at 622 cm-1 is attributed to the hyphae of the wood rot fungus. In addition, a weak Raman band
at 1006 cm-1 can be observed on top of a broad band. This Raman shift is typical for trigonal
ring breathing vibration bands of aromatic rings, such as in L-phenylalanine. Furthermore, it
was concluded in chapter I that carotene vibrational bands are the dominating bands in the
spectra of the mycelium cultures of the brown rot fungi C. puteana and G. trabeum. Although
no Raman band is observed at 1531 cm-1, two Raman bands are observed at 1511 and
1521 cm-1, that are not due to lignin. As the spectral region between 1500 and 1600 cm-1 is
typical for carotenes, the Raman bands at 1511 and 1521 cm-1 are attributed to carotenes (the
ν2 vibration bands between 1100 and 1300 cm-1 are overwhelmed by the other Raman bands
in this spectral region). Thus, the Raman bands at 622, 1006, 1511 and 1521 cm-1 in the
decayed wood spectrum are attributed to the mycelium of C. puteana.
Figure 2.4B presents the Raman spectrum of Pinus wood that was seriously decayed by
the brown rot fungus G. trabeum. As a result, this spectrum has a relatively low signal to
noise ratio above 1400 cm-1, which hampers band detection. The lignin vibration band at
1598 cm-1 (undecayed) is shifted to 1595 cm-1 (decayed). It also contains a high background
between 1200 and 1700 cm-1 and most of the cellulose vibrations bands below 500 cm-1 are
weak in intensity. A very weak Raman band at 1002 cm-1 is present indicating the presence of
mycelium of G. trabeum. Similarly to wood decayed by C. puteana, a carotene vibration band
at 1521 cm-1 that is due to mycelium is observed.
S. lacrymans is an aggressive brown rot fungus. This can be indirectly observed in the
Raman spectrum of Pinus wood decayed by S. lacrymans, which is shown in figure 2.4C. The
most intense feature is the Raman band at 1598 cm-1 that has contributions from both syringyl
and guaiacyl subunits (see table 2.1). A Raman spectrum of S. lacrymans mycelium could not
be collected due to fluorescence. However, a small Raman band at 1007 cm-1 might be present
in the spectrum in figure 2.4C (comparable bands are observed in the spectra of the other
decayed wood blocks). By analogy with C. puteana, a feature at 784 cm-1 is detected. This
feature is also found in the spectrum of the undecayed wood, so it should be attributed to the
guaiacyl subunits of lignin. Furthermore, a feature at 916 cm-1 is observed. No Raman band
can be observed in the Raman spectrum of Pinus wood around this frequency, although the
Raman band at 899 cm-1 is very broad and may extent to the region around 916 cm-1. Because
the brown rot fungus C. puteana has a Raman band at 913 cm-1, the feature at 916 cm-1 is
attributed to the mycelium of S. lacrymans. A very weak Raman band at 1232 cm-1 is present
in the spectrum of Pinus wood. In the spectrum of the decayed Pinus wood, two Raman bands
at 1226 and 1235 cm-1 are observed. The nature of these two weak features can not be
demonstrated unambiguously because there is no reference spectrum of the mycelium.
However, Raman bands of carotenes are observed at 1519 and 1540 cm-1 in the spectrum of
the decayed wood. By analogy with figure 2.4A, the ν2 vibration bands are overwhelmed by
other Raman bands. Thus, S. lacrymans mycelium has been detected in the Raman spectrum
of decayed Pinus wood.
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b) Study of wood infected by the white rot fungi Pleurotus ostreatus and Trametes
versicolor
White rot fungi are generally observed on hardwoods.(16) The Raman spectrum of Fagus
wood is shown in figure 2.2, whereas the Raman spectrum of Fagus wood infected by
Trametes versicolor is shown in figure 2.5A. Several spectral changes that are related to wood
decay can be observed. For example, the Raman bands around 1598 and 1660 cm-1 are
convoluted in figure 2.5A and the relative proportions of the Raman bands below 500 cm-1 are
altered, which illustrates the slightly different rates of decay of cellulose and hemicelluloses.
A Raman spectrum of T. versicolor mycelium could not be collected, due to
fluorescence. The Raman bands of interest that may correspond with Raman bands of
T. versicolor mycelium are located at 644, 668, 780, 903, 1004, 1039, 1050, 1265, 1332 and
1380 cm-1 (see table 1.1 in the previous chapter for the spectra of mycelia of other fungal
species). Two Raman bands are observed at 1039 and 1050 cm-1, which are observed in the
region of the spectrum where ν(CC) and ν(CO) vibrations and stretch vibrations of phosphate-
containing functional groups are observed(134). In the Raman spectrum of undecayed Fagus
wood (figure 2.2), a Raman band at 1039 cm-1 is observed. Therefore, the Raman band at
1039 cm-1 is ascribed to ν(CC) and ν(CO) vibrations of saccharides(134). As the Raman band at
1050 cm-1 is very close to the Raman band at 1039 cm-1 and observed as well in the regions
where saccharide vibrations are located, the Raman band at 1050 cm-1 can not be
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Figure 2.5: Raman spectrum of a block of Fagus wood infected by A) Trametes versicolor and
B) Pleurotus ostreatus; only the positions of signals in the discussion are mentioned
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unequivocally attributed to either decayed Fagus wood or T. versicolor hyphae. This is also
the case for the Raman band at 1265 cm-1, which is generally found in the Raman spectrum of
amides and proteins(134). Saccharides, such as hemicelloses and cellulose also have Raman
bands in this spectral region. Raman bands in the spectra of mycelia are observed at circa
1332 cm-1 (see also table 1.1). However, the Raman band at this frequency in the decayed
wood spectrum is due to the wood as it is also observed in the spectrum of undecayed Fagus
wood (figure 2.2). Intense bands of other major wood components are found near 1382 cm-1.
Thus, the Raman band at 1382 cm-1 should also be attributed to wood components.
Opposite to this, the Raman band at 899 cm-1 in the wood spectrum of Fagus is assigned
to ν(COC) in-plane symmetric stretch vibrations of cellulose (see table 2.1)(37). This band is
shifted to 903 cm-1 in T. versicolor infected wood. Because Raman bands of mycelium are
observed around this Raman shift (905 cm-1 in the case of Poria monticola and 913 cm-1 for
Coniophora puteana, table 1.1), this shift to 903 cm-1 gives a clear indication of contributions
of T. versicolor hyphae to the overall Raman spectrum of the infected wood. Similarly, the
weak Raman band at 640 cm-1 in the Raman spectrum of undecayed Fagus wood is shifted to
644 cm-1. Furthermore, the Raman band at 780 cm-1 is located between the positions of a
Raman band of sinapyl alcohol (775 cm-1) and a Raman band of coniferyl alcohol (785 cm-1).
Symmetric stretch vibrations of lignin subunits are observed at 1597 cm-1 (for sinapyl alcohol)
and 1605 cm-1 (for coniferyl alcohol). The Raman band at 1594 cm-1 therefore does not
indicate equal quantities of guaiacyl and syringyl subunits. Although the Raman shifts of
native lignin are not equal to the Raman shifts of isolated subunits, it is unlikely that the weak
Raman band at 780 cm-1 is due to lignin, because a Raman band of lignin would be expected
at 780 cm-1 if there would be equal quantities of syringyl and guiacyl subunits. Instead, this
Raman band should be attributed to the hyphae of T. versicolor. A very weak Raman band at
669 cm-1 is observed in the Raman spectrum of mycelium of the brown rot fungus Poria
monticola. Thus, the Raman band at 668 cm-1 in the spectrum in fig. 2.5A should be attributed
to T. versicolor hyphae. In addition, a Raman band is observed in the spectrum at 1004 cm-1,
attributed to the decayed wood. This band is due to trigonal ν(CC) ring breathing of aromatic
rings. It is characteristic for phenylalanine and tyrosine in biological materials and is one of
the most intense bands in the Raman spectra of mycelia (see table 1.1). The Raman band at
1004 cm-1 is therefore ascribed to T. versicolor hyphae.
Figure 2.5B shows the Raman spectrum of Fagus wood, decayed by the white rot
fungus Pleurotus ostreatus. The features in this spectrum that may correspond with Raman
bands of P. ostreatus are located at 752, 872, 898, 1008, 1039, 1050, 1333, 1337 and
1427 cm-1. Identical to Fagus wood, decayed by T. versicolor, the Raman band at 1039 cm-1 is
ascribed to the wood, whereas the Raman band at 1050 cm-1 can not be unequivocally
attributed to either decayed Fagus wood or P. ostreatus hyphae. Raman bands of medium to
high intensity exist between 1330 and 1345 cm-1 in the Raman spectra of mycelia (see
table 1.1). However, uninfected Fagus wood has a Raman band at 1331 cm-1, so the Raman
bands at 1333 and 1337 cm-1 are most likely due to the wood components or these
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components should have at least major contributions in these Raman bands. The Raman band
at 898 cm-1 corresponds with the undecayed wood and is attributed to ν(COC) in-plane
symmetric stretch vibrations of cellulose(37). At circa 872 cm-1 a Raman band due to ρ(CH2)
vibrations is observed in the spectra of cultured mycelia. Galactan, whose Raman spectrum is
shown in figure 2.3, is one particular type of hemicellulose. It has a Raman band at 876 cm-1.
Therefore, the band at 872 cm-1 can not unequivocally be attributed to the hyphae of the
fungus in the decayed wood. Although not detected in the Raman spectrum of P. ostreatus
mycelium, the Raman bands at 752, 1008 and 1427 cm-1 correspond with the vibrations of
L-tryptophan. Similar vibrational bands are observed in the Raman spectrum of mycelium of
the brown rot fungus P. monticola, where L-tryptophan was detected (see chapter I,
section 3.1a). The Raman bands at 752, 1008 and 1427 cm-1 are therefore attributed to
L-tryptophan in the P. ostreatus hyphae.
4.3 Overview of the Raman bands of hyphae in the spectra of decayed wood
Table 2.2 presents an overview of the Raman bands that are observed in the spectra of
the decayed woods. Very important is the spectral region between 1000 and 1008 cm-1: if a
Raman band is observed in this region, mycelium is present in the decayed wood. The biggest
difference is observed between the spectra of wood decayed by brown rot fungi on the one
hand and white rot fungi on the other hand. Wood decayed by the studied brown rot fungi may
show a Raman band at 916 cm-1 and in all cases one or two Raman bands due to carotene
vibrations were observed between 1510 and 1540 cm-1. However, the frequencies of the latter
may not correspond with the frequencies of carotenes in the cultured mycelia (see table 1.1),
Band present at (in cm-1)
622 668 752 780 903 916 1000-1008 1427
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Coniophora
puteana xx xx xx xx
Gloeophyllum
trabeum xx xx
Serpula
lacrymans xx x xx
Trametes
versicolor xx x x xx
Pleurotus
ostreatus
xx xx xx
where:
x means that a Raman band due to hyphae might be present or that the presence of a Raman band is a clear
indication of the presence of hyphae
xx means that a Raman band at the given position is due to hyphae of the invading wood rot fungus
Table 2.2: overview of the Raman bands of hyphae in the spectra of decayed wood
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because of a difference in growth conditions, which leads to different metabolite
concentrations. A band in the Raman spectrum of Pinus wood decayed by G. trabeum was not
observed, because of the relatively low signal quality. 
A Raman band at 622 cm-1 is detected in the spectrum of Pinus wood decayed by
C. puteana. A wider range of Raman bands of mycelium was observed in the spectra of Fagus
wood decayed by white rot fungi. Next to the trigonal ring breathing vibration band at
1008 cm-1, L-tryptophan bands are seen at 752 and 1427 cm-1 in wood decayed by
P. ostreatus. Opposite to this, an unattributed Raman band at 668 cm-1 of mycelium is
observed for Fagus wood decayed by T. versicolor. In addition, bands at 780 and 903 cm-1 are
detected that might be indicative for mycelium.
The observed spectral differences might eventually be used for taxonomical objectives,
e.g. not only to detect the type of wood rot, but they might also result in additional
taxonomical information, such as the genus or species of the wood rot fungus. However, more
research with a wider range of wood fungi is needed to answer this question definitively and
to determine from which moment after inoculation one is able to discriminate unambigously
between infected and uninfected wood.
5 Conclusions
Raman spectra of Pinus and Fagus wood were studied in detail. Most of the Raman
bands in undecayed wood are related to cellulose, whereas no isolated bands of hemicellulose
could be detected. Hence, cellulose is the major polysaccharide. Between 1590 and 1670 cm-1
two intense Raman bands of lignin are observed. One can distinguish between Pinus and
Fagus wood, e.g. by comparing band intensities of lignin (1590 and 1670 cm-1) with those of
cellulose or by checking the presence of specific bands, such as at 405, 785 and 1730 cm-1.
These observations were used to study the Raman spectra of Pinus wood infected by the
brown rot fungi Coniophora puteana, Gloeophyllum trabeum and Serpula lacrymans and of
Raman spectra of Fagus wood infected by the white rot fungi Pleurotus ostreatus and
Trametes versicolor. Several Raman bands were ascribed to the wood rot fungus. Hence, in
the studied wood blocks Raman features that are related to infection were detected. These
features can eventually be used in a chemometric identification protocol to discriminate
between infected and uninfected wood. All spectra of decayed wood show a trigonal ring
breathing vibration band between 1000 and 1008 cm-1, hence wood rot can be detected by a
Raman band in this region. Brown rots can be easily recognised by vibrational bands of
carotenes between 1510 and 1540 cm-1, whereas the studied white rots show a wider range of
Raman features due to hyphae. Additionally, band shifts relative to the Raman spectrum of
undecayed wood may be observed. These can be used as additional features for the detection
of wood rot.
CONCLUSIONS AND FUTURE PROSPECTS
For several decades Raman spectroscopy has been used in different research fields.
These include for example art analysis, catalyst research, polymer analysis and
characterisation, pharmaceutical analysis, etc. Raman spectroscopy has been applied for the
analysis of complex biomaterials during the last years. Several applications of Raman
spectroscopy are studied in this work. The first part of this thesis encompasses amongst others
an introduction, literature study and the description of the materials and methods. The second
part discusses the Raman spectroscopic study of spores of macrofungi of the division
Basidiomycota and the analysis of Lactarius latex, whereas the third part includes the study of
wood and wood rot. The research performed is part of the recent trend towards the use of
Raman spectroscopy for the analysis of complex biomaterials.
Part I starts with the literature study. Several publications on Raman spectroscopic
analysis of fungi were already published and include papers on a diverse range of applications,
such as the study of lichens, taxonomic and clinical applications and others. Most of these
papers report on studies of lower fungi. However, the focus in this work is on macrofungi. As
Raman spectra are a fingerprint of the chemical composition in the irradiated sample, spectra
of biological samples are often very complex. Therefore, the Raman spectra of several
biological molecules are recorded. As the Raman spectra of similar reference products result
in different spectra, the resulting spectral database forms a solid basis for the interpretation of
Raman spectra of fungi.
Macrofungi are discussed in the second part. Raman spectroscopy is shown to be a
powerful spectroscopic tool for fungal analysis. The chemical composition of Lactarius
spores is studied in chapter II. By comparison of the shifts of the Raman bands in the spectra
of spores of Lactarius controversus with values reported in literature and the collected
database of spectra of biological reference products, it is concluded that spore composition of
L. controversus is relatively simple. The spores are mainly composed of fats and fatty acids,
whereas the main fatty acid is oleate. The amyloid ornamentation of Lactarius spores is
composed of amylopectin. Chitin is also detected and is probably located in the spore wall.
Furthermore, trehalose is likely to be present, but can not be detected unequivocally. Spores of
Agaricales of the genera Collybia, Laccaria, Lactarius, Mycena and Russula were studied in
chapter III. It was illustrated that high quality Raman spectra of the spores of agaricoid fungi
can be recorded. Several spectral differences were observed between the spores of these
genera. Where Lactarius, Russula and Mycena spores have an amyloidic ornamentation,
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spores of Collybia and Laccaria do not contain amylopectin in the spore wall. The spectra of
Laccaria spores show two intense features around 1106 and 1489 cm-1 which could not be
attributed to specific molecules to date. Furthermore, Collybia and Mycena spore spectra have
several Raman bands related to the spore lumen, such as nucleic acids and proteins. Therefore,
the Raman spectra cluster into different groups that correspond with taxonomical
relationships. While spectral differences are observed between the spectra of spores of
different genera, a high degree of similarity was often observed between the spectra of spores
of the same genus. The observed spectral differences were nevertheless sufficiently high to
allow a correct assignment of the genus with a success rate of 91% by using a chemometric
preprocessing protocol. Spectral preprocessing by chemometric algorithms is needed to obtain
this success rate. This preprocessing starts with a careful calibration followed by the execution
of algorithms such as standard normal variate (SNV), extended multiplicative scatter
correction (EMSC), extended inverted scatter correction (EISC) preprocessing, autoscaling,
etc. for interference correction. Whereas background preprocessing, by making use of the
widely known Savitsky-Golay algorithm, worsens the results, correction for multiplicative
interference with SNV or EMSC is the key to obtain a identification with a high success rate.
The reproducible signals that are obtained in this way provide the desired species-related
information. A data reduction technique, such as principal components analysis (PCA) and an
algorithm for identification (linear discriminant analysis or LDA) are subsequently executed.
A success rate of 91% is a promising result for the chemotaxonomic identification of spores
of Basidiomycota where very little material is present. Examples of such situations include the
identification of fungi in the stomach of a poisoned person or the identification of infections
where non-destructive analysis is a must, such as on archaeological materials. The current
identification protocol used Raman spectra of five spores for the prediction of the genus to
which the spore belongs, but eventually single spore analysis could be a reality. However,
Raman spectroscopy is not to be regarded as the ideal taxonomical tool, as identification on
the spores level is currently not possible. In addition analysis of dark coloured spores proved
impossible with a red laser (785 nm) because they were burned. During the investigations,
collapsed spores and a separation between spore content and spore walls were observed
several times for thin-walled spores (e.g. in Amanita, Mycena and Collybia). Problems of light
absorption and fluorescence can probably be solved by using a spectrometer that uses a laser
with a different laser wavelength to lower fluorescence and absorption of laser light.
Compared to unsupervised classification algorithms for studying species relationships, Raman
spectroscopy also performs better with supervised classification algorithms for identification
purposes.
Next to the analysis of the chemical composition and chemotaxonomy of spores, Raman
spectroscopy was used for the study of Lactarius latex in chapter IV. This latex is secreted
when the basidiocarp is damaged. After this latex is released, several enzymatic chemical
reactions occur. By carefully transferring the latex of Lactarius species onto a CaF2 slide, the
latex could be analysed. The enzymes could be harvested by cutting the basidiocarp several
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times with a scalpel. Thus, the chemical reactions in the latex could be monitored
reproducibly. Latexes of Lactarius chrysorrheus, L. deterrimus, L. fluens, L. glyciosmus,
L. lacunarum and L. salmonicolor were studied with Raman spectroscopy. Reactions in these
latexes are often visibly observed by a changing colour of the latex, such as L. fluens latex
which turns brownish, L. chrysorrheus latex is white but fast becomes yellow, L. deterrimus
which is bright orange at first, but becomes red after a while, etc. These reactions resulted in
clear spectral differences, especially in latexes that are subject to large colour changes after
release, such as L. chrysorrheus, L. deterrimus and L. salmonicolor. The observed spectral
differences formed different related patterns: (i) L. lacunarum (L. section Russularia),
L. glyciosmus (L. section Colorati) and L. fluens (L. section Glutinosi), (ii) L. chrysorrheus
(L. section Zonarii) and (iii) L. salmonicolor (L. section Deliciosi) and L. deterrimus
(L. section Deliciosi). This is a small subset of the species in the genus Lactarius and other
types of colour reactions were not investigated, such as the reactions in the latex of L. uvidus
that initially looks like water, but becomes creamy and purple after a while, so more work on
this subject is needed. The taxonomical importance is also under further investigation at the
laboratory of mycology at Ghent university. 2D correlation analysis turned out to be a very
useful addition to Raman spectroscopy for the study of the reaction mechanisms in Lactarius
latex. Successive reactions are visualised by this technique that detects which Raman bands
are subject to a change in intensity and which intensity changes are related to each other.
Some smaller spectral changes might not be observed by using the iterative polynomial fitting
procedure outlined by Lieber et al.(78). Eventually better background preprocessing, may result
in a better interpretation of the latex reactions and reaction schemes. Raman spectroscopy is
not able to determine the exact structure of the precursor in the latex. However, the largest
advantage of the technique is the ability to monitor continuously the changes in the chemical
composition. Furthermore, important chemical information, such as the characterisation of the
protecting fatty acid and the type of latex precursor (chromenes, guianes, velutinal derivatives,
etc.), can easily be obtained. In contrary to other techniques, the chemical reactions can also
be monitored directly on the basidiocarp (e.g. after bruising). Applications of this type of
research include the study of colour reactions in basidiocarps of boletes, or basidiocarps of
Agaricus and Coprinus.
Wood and wood rot are studied in part III. The application of Raman spectroscopy for
the explorative analysis of mycelium cultures (Poria monticola, Coniophora puteana,
Gloeophyllum trabeum and Pleurotus ostreatus) and the analysis of the basidiocarp of
Trametes versicolor is explained in chapter I. High quality Raman spectra of mycelium can be
obtained, although often relatively high amounts of fluorescence were observed. These spectra
of the cultures under investigation show distinctive patterns. The spectrum of mycelium of
Pleurotus ostreatus and Poria monticola is composed of the signals of, amongst others,
structural polysaccharides (such as chitosan), proteins (e.g. signals of L-phenylalanine,
L-serine and L-tryptophan) of the hyphal walls and cell lumen components (e.g. nucleic acids
such as cytosine and uracil). On the other hand, the Raman spectra of mycelium of the brown
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rots C. puteana and G. trabeum are dominated by the signals of carotenes (ν2 vibrations and ν1
vibrations respectively at 1130 and 1521 cm-1 versus 1134 and 1531 cm-1). This result is
promising for the identification and characterisation of fungi based on spectral databases of
mycelia in different growth stages. Although further research needs to be performed to
achieve this goal, the collected spectra serve as reference spectra for the study of infected
wood. The obtained mycelium spectra were compared with the spectra of the basidiocarp of
T. versicolor. Raman spectra collected from the basidiocarp of T. versicolor showed relatively
intense signals of cell components such as nucleic acids and proteins. However, at other
positions in the basidiocarp, the Raman spectra indicated the presence of high amounts of a
polysaccharide. Because Raman spectra of similar molecules are very similar and because the
contribution of the polysaccharide spectrum resembles the spectrum of cellulose, the
polysaccharides molecular structure could be similar to cellulose. Next to the analysis of
mycelium of wood fungi, an explorative analysis of other mycelium cultures (Aspergillus
candidus, Penicillium camemberti and Verticillium theobromae) was performed. Fluorescence
was often observed in these Raman spectra. This is a physical phenomenon which has a much
higher probability compared to Raman scattering and thus, the fluorescence signal
overwhelmed the Raman signal of the spectra of mycelium and conidia. A study of these
species cultured on different media and analysed with a different laser, might help to solve
this issue. The Raman spectra of A. candidus spores contained rather broad bands, that are
generally due to lipids and saccharides.
The second chapter in part III discusses the analysis of native wood and wood infected
by wood rot, with emphasis on the detection of signals that are due to hyphae in the infected
wood. Raman spectra of wood show two intense Raman bands of lignin between 1590 and
1670 cm-1. Cellulose is the major polysaccharide as the majority of the non-lignin
contributions to the Raman spectrum can be related to cellulose. Pinus wood was inoculated
by P. monticola, C. puteana and G. trabeum and Fagus wood was inoculated by Pleurotus
ostreatus and Trametes versicolor. Pinus wood can be distinguished from Fagus wood by
comparing amongst others the band intensities of lignin (such as at 1590 and 1670 cm-1). In
the Raman spectra of Fagus wood infected by the white rot fungi Pleurotus ostreatus and
Trametes versicolor, a trigonal ring breathing vibration band was observed near 1004 cm-1,
indicative of aromatic amino acids, such as L-phenylalanine. Furthermore, several other
Raman bands that are due to or indicate the presence of mycelium, are observed (e.g. at 668,
752 and 1427 cm-1). In the Raman spectra of Pinus wood decayed by the brown rot fungi
Serpula lacrymans, C. puteana and G. trabeum, vibrational bands of carotenes were observed
between 1510 and 1540 cm-1, while a Raman band at 916 cm-1 is likely to be characteristic for
brown rot decay. Therefore, the presence of mycelium was unequivocally demonstrated in
infected wood by Raman spectroscopy.
With the scientific studies that are reported in part II and III, the opportunities of Raman
spectroscopy for the analysis of Basidiomycota are illustrated. Although good results are
obtained for the analysis of spores, Lactarius latex, wood and wood fungi, much more work is
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needed to achieve, for example, species identification of mycelium in a diverse range of
materials. There are not many papers in the literature that report the results of Raman
spectroscopic research on higher Basidiomycota. Spectroscopic research on infected wood
primarily focussed on chemical analysis, such as the determination of the distribution of lignin
in infected wood. Thus, the detection of Raman bands of mycelium of the invading wood rot
fungus, that is presented in part III of this work, is a new application in the spectroscopic
analysis of wood. This trend is expected to continue with new applications and opportunities
for Raman spectroscopic analysis of Basidiomycota and wood, such as the non-destructive
discrimination of undecayed and infected wood, including the type of wood rot. Special
attention has to be paid to research that determines the moment from which fungal infection
can be detected.
2D correlation analysis, which was used in this work for reaction analysis and which
was originally developed in the late 1980's, has received a lot more attention in the last couple
of years. This trend is expected to continue with new applications for the analysis of complex
samples, such as biomaterials and pharmaceuticals of natural origin. An example is the
analysis of traditional Chinese medicines like qing kai ling: the composition is more or less
known(157), but ageing of qing kai ling may have serious side effects. An semi-automated
approach to determine order of spectral events was used in this work for the analysis of
Lactarius latex. Further extension of the technique, by studying for example the slice spectra
in a systematic way, may result in an almost completely automated analysis of 2D correlation
spectra. This allows a much broader acceptance of this chemometric technique.
 The ability of Raman spectroscopy to monitor chemical reactions, which was used in
this work for the analysis of Lactarius latex, has broader applications, for instance in industry
for quality assurance. This includes monitoring of fermentation broths to obtain high
production rates or to sustain product quality in the production of green chemicals. Fungi are
used in many applications because of their advantageous properties, like the production of
food products, base chemicals, etc. Different types of yeasts are used in many fermentation
processes for the production of foods. Saccharomyces cerevisiae is probably the most
frequently used yeast for the production of bread, while other species are used for the
production of alcohol in wine and beer. Penicillium species are exploited for the production of
flavours in cheeses such as Roquefort, Brie, Gorgonzola, Camembert, etc. whereas
representatives of the genus Aspergillus are used for the production of soy sauce. Next to the
production of foods, fermentation by fungi is industrially used for the production of base
chemicals. These include for example ascorbic acid, ethanol and lactic acid. The control of
reactors in industrial processes is of high importance for the product quality and production
quantity. Because Raman spectroscopy is a non-destructive analytical technique, which
requires little sample preparation and providing the analysis of the inner content of a closed
container trough a transparent window, Raman spectroscopy could be a good candidate for
monitoring fungal fermentation processes.
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Further research on the Raman spectroscopic analysis of mycelium cultures may allow
the spectroscopic identification of fungi by using a proper chemometric identification
protocol, as used in this work in chapter III of part II. Therefore, a spectral database needs to
be built, with the Raman spectra of mycelium cultures in different growth stages.
Opportunities are for instance found in the analysis of biofilms, which cause high economic
losses in for example the transportation industry. Techniques that are generally used in this
field are destructive techniques of analysis, where the biofilm community is altered prior to
analysis and which may introduce artefacts. Opposite to this, Raman spectroscopy is non-
destructive and spectroscopic characterisation may eventually allow the monitoring the
concentrations of metabolites and degradation products. The information that can be obtained
in this way, results in a better understanding of the nature of biofilms and should allow better
treatments. Similarly, fast non-destructive screening of fungal pathogens by Raman
spectroscopy may help to further raise food safety levels. 
Further research on the chemical interpretation of Raman spectra by 2D correlation
analysis may allow the automated analysis of 2D correlation diagrams and/or the semi-
automated analysis of reaction schemes of Lactarius latex. As products in these latexes
frequently have antifeedant, antimicrobial, cytotoxic or mutagenic activity, further
development of the technique may help screening for the products with the desired activity
and eventually lead to pharmaceutical applications.
SAMENVATTING
Ramanspectroscopie wordt reeds verschillende decennia toegepast voor zowel
fundamenteel als toegepast onderzoek. Sinds halfweg de jaren 1980 is er een grote
vooruitgang in de instrumentatie voor Ramanspectroscopie, zowel wat de signaalintensiteit als
handelbaarheid van de toestellen betreft. Hierdoor worden analysen steeds sneller en kunnen
complexere materialen onderzocht worden. De laatste jaren wordt de techniek dan ook meer
en meer gebruikt voor het onderzoek naar biologische materialen. Het in dit proefschrift
beschreven onderzoek kadert in deze trend. Daar waar in de literatuur vooral eencellige gisten
en andere microfungi werden onderzocht, werden in dit doctoraatsonderzoek verschillende
hogere zwammen (Basidiomyceten) voor het eerst met Ramanspectroscopie onderzocht.
Ramanspectra geven een voor de chemische samenstelling karakteristiek signaal, waardoor de
analysemethode gebruikt worden voor de karakterisatie van deze materialen.
Het proefschrift bestaat uit 3 delen.
Daar waar deel I het vooronderzoek en materiaal en methoden behandelt, wordt de
analyse van Basidiomycota besproken in deel II (analyse van sporen en latex van
melkzwammen) en deel III (analyse van hout en houtfungi).
Het eerste hoofstuk van deel I bevat een literatuurstudie. Er wordt ondermeer een
introductie gegeven in Ramanspectroscopie waarbij de voor- en nadelen van de techniek
besproken worden. Aangezien de opgenomen signalen vrij complex kunnen zijn, moet er
nauwkeurig toegezien worden op de correctheid van de Ramanshiftas en de relatieve
intensiteit van de banden in het spectrum. Daartoe wordt de calibratiemethode van de
gebruikte Ramanspectrometer, een modulaire Kaiser Hololab 5000R spectrometer, toegelicht.
Vervolgens worden de algemene stappen van de dataverwerking die bij de interpretatie van
spectra komt kijken besproken en wordt een overzicht gegeven van de verschillende artikels
die in de literatuur reeds verschenen omtrent de analyse van fungi met Ramanspectroscopie. 
Hoofstuk II bevat een introductie in de mycologie voor personen die een beperkte
mycologische achtergrond hebben. Hierin worden de algemene kenmerken en de levenscyclus
van Basidiomycota toegelicht. Vervolgens wordt de morfologie en bouw van basidiocarpen
van de Agaricales toegelicht, samen met een woordenlijst van enkele in dit werk gebruikte
termen. Het tweede hoofdstuk wordt besloten met een kadering van de onderzochte genera in
de systematiek en taxonomie van Basidiomycota.
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Het gebruikte materiaal en toegepaste methoden worden toegelicht in het derde
hoofdstuk. Na een beschrijving van de in deel II onderzochte genera van Basidiomycota,
wordt aan de hand van Raman spectra van diverse weefsels van de basidiocarp aangetoond dat
er een grote verscheidenheid aan Ramanspectra is tussen verschillende weefsels. Deze worden
vergeleken op hun bruikbaarheid voor Ramanspectroscopische soortherkenning. De
Ramanspectra van de hoed vertonen soms een grote verscheidenheid aan Ramanbanden. In
andere Ramanspectra worden echter brede banden waargenomen. Door deze grote verschillen
in spectra blijkt een Ramanspectroscopische soortherkenning op basis van spectra van de
context, pileipellis of plaatjes niet mogelijk. De sporen geven daarentegen reproduceerbare
hogekwaliteitsspectra. Na deze verkenning van de mogelijke Ramanspectra in een basidiocarp
van melkzwammen wordt de methode besproken waarmee de sporen van melkzwammen
(Lactarius), Russula’s (Russula), fopzwammen (Laccaria), Collybia’s (Collybia) en Mycena’s
(Mycena) werden ingezameld en geanalyseerd: nadat de paddenstoelen ingezameld zijn,
worden de stelen van de hoeden gesneden en de sporen opgevangen op objectglazen. Om een
zo hoog mogelijke zuiverheid van het ingezamelde materiaal te bekomen, dienen
paddenstoelen tijdens het vervoer met de plaatjes naar onder gehouden te worden. Hierdoor
wordt vermeden dat kleine stukjes strooisel of grond tussen de plaatjes terechtkomen.
Bovendien mag de hoed de objectglazen niet raken tijdens het opvangen van de sporen, omdat
er anders bijkomende contaminatie van de opgevangen sporen optreedt en de sporee teveel
bevochtigd wordt. Hoofdstuk III word besloten met de bespreking van de werking van 2
chemometrische methoden (extended multiplicative scatter correctie of EMSC en 2D
correlatie analyse) die intensief werden gebruikt tijdens het onderzoek.
Hoofdstuk IV beschrijft een uitgebreide spectrale databank van referentiestoffen, die vrij
frequent voorkomen in bio-organismen. Alhoewel de Ramanbanden in een spectrum gelinkt
kunnen worden aan bepaalde functionele groepen, kan op voorhand het spectrum van een
referentiestof niet achterhaald worden. Daarom worden Ramanspectra altijd vergeleken met
spectra die gecollecteerd werden van zuivere producten. De aanleg van de beschreven
databank was nodig, omdat spectra van biomaterialen dikwijls complex van aard zijn. Zo
leveren de signalen van gelijkaardige producten licht verschillende spectra op. Door middel
van de databank werd een goede basis gelegd voor verder onderzoek naar de samenstelling
van onder andere de sporen van plaatjeszwammen en de latex van melkzwammen (deel II).
Verschillende hogere zwammen (Basidiomyceten) werden doorheen het doctoraats-
onderzoek voor het eerst met Ramanspectroscopie onderzocht. Deze analysemethode bleek
een krachtig hulpmiddel om op een niet destructieve wijze chemische informatie te bekomen
van zwammen.
Deel II van deze thesis beschrijft het uitgevoerde onderzoek naar macrofungi.
In hoofdstuk I van deel II wordt de samenstelling onderzocht van sporen van
melkzwammen: populierenmelkzwam of Lactarius controversus, greppelmelkzwam of
Lactarius lacunarum, vaaloranje melkzwam of Lactarius quieticolor en kaneelkleurige
melkzwam of Lactarius quietus. Hoge kwaliteitsspectra van de sporen konden worden
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opgenomen. Er werd vastgesteld dat er een grote gelijkenis is tussen de sporenspectra en dat
ze een vrij eenvoudige samenstelling hebben. De sporen van de populierenmelkzwam
(Lactarius controversus) bevatten grote hoeveelheden vetten, waarbij oliezuur het meest
voorkomende vetzuur is. Voorts is de amyloïde versiering aantoonbaar in de Ramanspectra
door middel van de ketenvibratieband van amylopectine bij 477 cm-1. Kleine hoeveelheden
chitine werden eveneens aangetoond aan de hand van zwakke banden bij 645 en 1205 cm-1.
Trehalose daarentegen is wellicht wel aanwezig, maar kon niet met zekerheid vastgesteld
worden.
In hoofdstuk II wordt de taxonomische identificatie van sporen van Basidiomyceten met
behulp van Ramanspectroscopie besproken. Sporen van de plaatjeszwammen (Agaricales) van
de geslachten Lactarius, Russula, Laccaria, Collybia en Mycena werden ingezameld. Terwijl
de verschillen tussen spectra van sporen van hetzelfde geslacht relatief klein zijn, is er meer
variatie tussen de spectra van sporen van verschillende genera. De sporenspectra van
vertegenwoordigers van Lactarius en Russula hebben ongeveer hetzelfde uitzicht met grote
bijdragen van vetten en een signaal rond 477 cm-1 van amylopectine. De sporenspectra van
Laccaria soorten bevatten daarentegen twee niet toegekende en intense signalen bij 1106 en
1489 cm-1. De sporen van Collybia en Mycena-soorten bevatten vooral signalen van de
celinhoud, zoals nucleïnezuren en proteïnen. Alle gecollecteerde spectra vallen daarom uiteen
in drie grote groepen die overeenkomen met de taxonomische verwantschappen: 1) de genera
Lactarius en Russula (familie Russulaceae), 2) het genus Laccaria (familie Hydnangiaceae)
en 3) de geslachten Collybia en Mycena (familie Tricholomataceae). Door middel van de
procedure die in het derde hoofdstuk van deel I is beschreven en door een geschikte
dataverwerking, werden reproduceerbare sporenspectra bekomen. De dataverwerking start met
een nauwkeurige calibratie om een exacte Ramanshiftas te bekomen en betrouwbare relatieve
intensiteiten te bekomen. In een tweede fase worden spectrale interferenties (niet-
reproduceerbare intensiteiten en achtergronden) verwijderd aan de hand van chemometrische
methoden als standard normal variate (SNV), extended multiplicative scattering correction
(EMSC) preprocessing en autoschaling. In een laatste fase worden de data gereduceerd met
hoofdcomponentenanalyse (PCA) en vind genusherkenning plaats met behulp van lineaire
discriminant analyse (LDA). De vastgestelde spectrale verschillen laten door middel van het
ontwikkelde chemometrisch identificatieprotocol een succesvolle identificatie van het
geslacht toe in 91 procent van de spectra. Correctie voor multiplicatieve interferentie door
middel van SNV of EMSC is noodzakelijk voor het bereiken van dergelijke hoge
succesratio’s, terwijl achtergrondcorrectie aan de hand van de Savitsky-Golay methode voor
het berekenen van afgeleiden faalt.
Hoofdstuk III beschrijft de analyse van latex (vaak ook melk genoemd) van de
zwavelmelkzwam (Lactarius chrysorrheus), peenrode melkzwam (L. deterrimus), L. fluens,
kokosmelkzwam (L. glyciosmus), greppelmelkzwam (L. lacunarum) and zalmkleurige
melkzwam (L. salmonicolor). In deze vloeistoffen, die vrijkomen bij beschadiging van de
paddenstoel, treden allerlei enzymatische reacties op. Om deze reacties te bestuderen, moeten
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de melk en enzymen op een reproduceerbare wijze geoogst worden. De melk wordt op een
CaF2 plaatje opgevangen door een klein stuk van de hoed af te snijden met een scalpel. De
enzymen die de reactie starten worden gecollecteerd door met een scalpel verschillende keren
in het snijvlak op de hoed te kerven en het scalpel vervolgens door de melkdruppel te
bewegen. Hierdoor kunnen de reacties nauwgezet gevolgd worden. Er werd echter vastgesteld
dat indien men zeer snel een deel van de hoedrand wegneemt en de melk opvangt zonder een
stukje van de hoed in de latex te doen of het scalpel door de latexdruppel te halen, men de
samenstelling van ongereageerde melk kan onderzoeken. Voor het onderzoek van de reacties
werd 2D correlatie analyse toegepast op de gecollecteerde Ramanspectra. Deze
chemometrische techniek geeft op een systematische wijze weer van welke Ramanbanden de
intensiteit door de reacties beïnvloedt wordt, welke intensiteitsveranderingen aan elkaar
gelinkt zijn en in welke volgorde deze optreden. De reacties in de latex van melkzwammen
starten altijd met een vetzuursplitsing van een (wellicht soortspecifieke) precursor, waarna
onder meer ethersplitsingen en reacties op dubbele bindingen plaatsvinden. Met
Ramanspectroscopie kan de volledige structuur van de precursor niet achterhaald worden. Het
grootste voordeel van de methode is daarom het continu monitoren van de optredende
reacties. Bovendien wordt op eenvoudige wijze bijkomende informatie bekomen zoals het
type latexprecursor (chromenen, guianen, velutinal afgeleiden, ... ) en de aard van het vetzuur
dat de inactieve precursor in de paddenstoel beschermt.
In het derde deel van deze doctoraalthesis wordt gerapporteerd over de
Ramanspectroscopische analyse van hout en houtschimmels. 
Hoofdstuk I beschrijft de analyse van myceliumculturen van de kelderzwam
(Coniophora puteana), dunplaathoutzwam (Gloeophyllum trabeum) en poriënzwam (Poria
monticola) als bruinrotters, en van de oesterzwam (Pleurotus ostreatus) als witrotter.
Dergelijke spectra vertonen karakteristieke patronen, maar bevatten dikwijls ook
fluorescentie. De spectra van de oesterzwam en de poriënzwam bevatten bijdragen van
polysacchariden (waaronder chitosan), aminozuren (waaronder L-phenylalanine, L-serine en
L-tryptophan) en celinhoud (zoals de nucleïnezuren cytosine en uracyl). De spectra van
mycelium van de kelderzwam en de dunplaathoutzwam bestaan daarentegen in hoofdzaak uit
de banden van carotenen: de ν2 en ν1 vibraties liggen respectievelijk bij 1130 en 1521 cm-1
voor de kelderzwam en bij 1134 en 1531 cm-1 voor de dunplaathoutzwam. Deze spectrale
verschillen kunnen op termijn wellicht gebruikt worden voor chemotaxonomische doeleinden.
Verder worden in het eerste hoofdstuk spectra van de basidiocarp van het gewoon elfenbankje
(Trametes versicolor) onderzocht. De spectra van de basidiocarp vertonen enerzijds intense
banden van nucleïnezuren en aminozuren. Op andere plaatsen geven de Ramanspectra echter
belangrijke bijdragen van een polysaccharide weer. Aangezien het spectrum hiervan
gelijkaardig is aan het spectrum van cellulose, is de structuur van dit polysaccharide
gelijkaardig aan de structuur van cellulose.
In het tweede hoofdstuk van deel III worden Ramanspectra van vers hout en
geïnfecteerd hout bestudeerd. De Ramanspectra van beuk- en grenenhout worden
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gedomineerd door de bijdragen van lignine (waaronder twee intense Ramanbanden bij 1590
en 1670 cm-1) en cellulose. De spectra van deze houtsoorten kunnen onderscheiden worden op
basis van de intensiteit van de banden van cellulose ten opzichte van lignine. Grenen (Pinus)
werd geïnoculeerd met de bruinrotters kelderzwam, dunplaathoutzwam en poriënzwam, en
beukenhout (Fagus) met de witrotters oesterzwam en gewoon elfenbankje. In de
Ramanspectra van het afgebroken hout komen diverse banden voor, die afkomstig zijn van de
infecterende schimmel. In al deze spectra is een trigonale ringvibratie band aanwezig rond
1004 cm-1, die afkomstig is van aromatische aminozuren, zoals L-phenylalanine. Andere
banden afkomstig van hyfen in beukenhout komen bijvoorbeeld voor bij 668, 752 en
1427 cm-1. In het door bruinrotters aangetast grenenhout, worden daarentegen één of twee
banden van carotenen waargenomen tussen 1510 en 1540 cm-1 en een band bij 916 cm-1
(behalve bij de dunplaathoutzwam). Daarom kan besloten worden dat in de onderzochte
houtstalen kleine banden terug te vinden zijn die afkomstig zijn van de hyfen van de
infecterende schimmel in het hout.
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